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FRONT COVER: Contouring of visual satellite imagery
enhances the cloud topography of Typhoon Hal (14W)
with its large ragged eye and (at the right edge of the
picture) the comma shape of Tropical Storm Irma (15W).
These two tropical cyclones were active with Tropical
Storm Jeff (16W) and Typhoon Uleki (01C) during the
second week of September.
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FOREWARD

The Annual Tropical Cyclone Report is prepared by
the staff of the Joint Typhoon Warning Center JTWC), a
combined Air Force/Navy organization operating under the
command of the Commanding Officer, U.S. Naval
Oceanography Command Center/Joint Typhoon Warning
Center, Guam. JTWC was established in April 1959 when
USCINCPAC directed USCINCPACFLT to provide a single
tropical cyclone warning center for the western North Pacific
region. The operations of JTWC are guided by CINCPACINST
3140.18.

The mission of the Joint Typhoon Waming Center is
multi-faceted and includes:

1. Continuous monitoring of all ropical weather
activity in the northern and southern hemispheres, from 180
degrees longitde westward to the east coast of Africa, and the
prompt issuance of appropriate advisories and alerts when
tropical cyclone development is anticipated.

2. Issuing warnings on all significant tropical
cyclones in the above area of responsibility.

3. Determination of reconnaissance require-
ments for tropical cyclone surveillance and assignment of

appropriate priorities.

4. Post-storm analysis of all significant tropical
cyclones occurring within the western North Pacific and North
Indian Oceans, which includes an in-depth analysis of tropical
cyclones of note and all typhoons.

5. Cooperation with the Naval Environmental
Prediction Research Facility (NEPRF), Monterey, California, on
the operational evaluation of tropical cyclone models and
forecast aids, and the development of new techniques to support
operational forecast scenarios.

Satellite imagery used throughout this report
represents data obtained by the DMSP network. The personnel
of Detachment 1, 1IWW, collocated with JTWC at Nimitz Hill,
Guam, coordinate the satellite acquisitions and tropical cyclone
reconnaissance with the following units:

Det 4, 20WS, Hickam AFB, Hawaii

Det 5, 20WS, Clark AB, Republic of the Philippines
Det 8, 20WS, Kadena AB, Japan

Det 15, 30WS, Osan AB, Korea

Air Force Global Weather Central, Offutt AFB,
Nebraska

In addition, the Naval Oceanography Command Detachment,
Diego Garcia, and Defense Meteorological Satellite Program
(DMSP) equipped U.S. Navy ships have been instrumental in
providing vital fixes of tropical cyclones in the Indian Ocean
from satellite data.

Should JTWC become incapacitated, the Alternate
Joint Typhoon Warning Center (AJTWC) located at the U.S.
Naval Western Oceanography Center, Pearl Harbor, Hawaii,
assumes warning responsibilities. Assistance in determining
satellite reconnaissance requirements, and in obtaining the
resultant data, is provided by Det 4, 20WS Hickam AFB,
Hawaii.

Special thanks to: Navy Captain Carl W. Hoffman
for his significant contributions and support; the men and
women of the 27th Communications Squadron, Operating
Location Charlie and the Operations department of the Naval
Oceanography Command Center, Guam for their continuing
support by providing high quality real-time satellite imagery;
Marine Corps Air Station, Futenma, Japan for sharing their
satellite imagery of STY Nelson (20W); the Pacific Fleet
Audio-Visual Center, Guam for their assistance in the
reproduction of satellite data for this report; to the Navy
Publications and Printing Service Branch Office, Guam; the
Royal Observatory Hong Kong for supporting synoptic data on
TS Mamie (19W) and TY Ruby (23W); Dr. Bob Abbey and the
Office of Naval Research for their technical support to this
publication and support to the University of Hawaii for the Post
Doctorate Fellow at JTWC; Dr. Mark Lander for his training
efforts, suggestions and detailed work on CSUM; Dr. Greg
Holland for his work with Major Joel Martin 10 develop a more
representative periphery wind technique; the Australian
Meteorological Service for the coastal radar reports on tropical
cyclones via the AFTN to JTWC; Mr. Andy Chun and the
CPHC for the data package on TY Uleki (01C); the Royal Navy
and Royal Observatory Hong Kong for making possible the
liaison visit by Lt. Cmdr. David Gray; National Weather Service
Pacific Region for the startup of 24-hour operaticuis at Ponape,
Truk, Majuro and Koror, the retrieval of the HANDAR
observations from their computer in Hawaii for TY Roy (01W),
and Mr. Tom Yoshida for the development of the Tropical
Cyclone Reporting Form for post-storm support to JTWC; First
Weather Wing for expediting the delivery of the Alden receiver
for PACDIGS; and the Federated States of Micronesia for
endorsing the AMOS installation on Faraulep Atoll.

Note: Appendix IV contains information on how to
obtain past issues of the Annual Tropical Cyclone Report (titled
Annual Typhoon Report prior to 1980).
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CHAPTER I - OPERATIONAL PROCEDURES

1. GENERAL

The Joint Typhoon Warning Center
(JTWC) provides a variety of routine services to
the organizations within its area of respon-
sibility, including:

a. SIGNIFICANT TROPICAL
WEATHER ADVISORIES

Issued daily, these products describe all
tropical disturbances and assess their potential
for further development during the advisory
period.

b. TROPICAL CYCLONE
FORMATION ALERTS

Issued when synoptic or satellite data
indicate development of a significant tropical
cyclone, in a specified area, is likely.

c. TROPICAL CYCLONE
WARNINGS

Issued periodically throughout each day,
for significant tropical cyclones, giving
forecasts of position and intensity of the system.

d. PROGNOSTIC REASONING
MESSAGES

Issued with each warning for tropical
depressions, tropical storms, typhoons and super
typhoons in the western North Pacific; these
messages discuss the rationale behind the most
recent JTWC warnings.

JTWC's customers determine the content
of JTWC's products according to their changing
requirements. Therefore, the spectrum of
routine services is subject to change from year
to year. Such changes are usually the result of
deliberations held at the Annual Tropical
Cyclone Conference.

2. DATA SOURCES
a. COMPUTER PRODUCTS

A standard array of numerical and
statistical guidance are available from the USN
Fleet Numerical Oceanography Center (FNOC)
at Monterey, California. FNOC products are
received through the Naval Environmental Data
Network (NEDN), the Naval Environmental
Satellite Network (NESN) and by micro-
computers connected to mainframe computers
via military and commercial telephone lines.

b. CONVENTIONAL DATA

This data set is comprised of land-based,
ship surface and upper-air observations
recorded at, or within six hours of, synoptic
times. It incorporates cloud-motion winds
derived twice a day from satellite imagery and
commercial and military Aircraft Reports
(AIREPS) of enroute meteorological observa-
tions, within six hours of synoptic times. There
has been an effort to increase the frequency and
use of AIREPS to describe the synoptic
situation in otherwise data sparse regions.
Additional conventional data sources include
three Automated Meteorological Observing
Station (AMOS) sites on the islands of Saipan
and Rota in the Mariana Islands, and Faraulep
in the Caroline Islands. The conventional data
is hand plotted and analyzed in the tropics for
the surface/gradient and 200-mb levels. These
analyses are prepared twice daily from 0000Z
and 1200Z synoptic data. Also, FNOC supplies
JTWC with computer streamline analyses and
prognoses at the 925 mb, 850 mb, 700 mb, 500
mb, 400 mb, 250 mb and 200 mb levels from
0000Z and 1200Z synoptic data.

c. AIRCRAFT RECONNAISSANCE
Aircraft of opportunity are a valuable for

providing meteorological data at flight level
around the periphery of tropical cyclones and in




describing the environment away from tropical
cyclones that frequently affect tropical cyclone
motion. With their airborne radar, they can
remotely sense the inner rainbands and core of
the tropical cyclone. Flight safety con-
siderations preclude the use of transient aircraft
for tropical cyclone penetration.

d. SATELLITE RECONNAISSANCE

Meteorological satellite imagery
recorded at USAF/USN ground sites and USN
ships supply day and night coverage in JTWC's
area of responsibility. Interpretation of these
satellite data provide tropical cyclone positions
and estimates of current and forecast intensities
(Dvorak, 1984).

e. RADAR RECONNAISSANCE

During 1988, as in previous years, land-
based radar coverage was utilized extensively,
when available. Once a tropical cyclone moved
within the range of land-based radar sites, their
reports were essential for determination of
small-scale movement. Use of radar reports
during 1988 is discussed in Chapter II.

f. DRIFTING METEOROLOGICAL
BUOYS

In July 1988, nine drifting meteor-
ological buoys were deployed in the western
North Pacific to increase the availability of
synoptic data, in an often data sparse region.
The Naval Oceanography Command provided
the funds for procurement and deployment of
the buoys and data acquisition equipment. The
Naval Oceanographic Office, and JTWC,
planned and coordinated the buoy deployments.
The 21st Tactical Airlift Squadron at Clark Air
Base in the Republic of the Philippines
deployed the buoys from C-130 aircraft. All of
the buoys provided sea-level pressure, air and
sea surface temperatures. Six of the Tropical

Ocean Global Atmosphcre (TOGA) buoys were
retrofitted to provide wind speed and direction.
Five buoys were deployed at seven-degree
longitude intervals along three degrees North
latitude, just south of the Caroline Islands. One
of these buoys failed to activate on deployment.
(Ironically, a buoy from the 1987 deployment
remained active, trapped in an atoll near the
failed buoy.) Three buoys were deployed in the
Philippine Sea, and the remaining buoy was
deployed east of Guam.

JTWC acquired the drifting buoy data
directly through its Local User Terminal (LUT).
The buoys transmit data to the Tiros-N polar
orbiting satellites, which in turn store and relay
the data to JTWC's LUT. Four to six
observations per day are available from each
buoy via direct readout. The stored data is
dumped to Service ARGOS in Washington,
D.C., where it is passed to the National Data
Buoy Center (NDBC) for quality control.
JTWC receives the data from NDBC via the
Automated Weather Network (AWN). The
buoys' positioning systems, wind speed, air
pressure and temperature sensors provided
accurate data. However, the wind direction data
on the modified TOGA's were unreliable.
JTWC's internal quality control program
computed coarse corrections in an attempt to
salvage wind directions, but the results were
only of marginal use for the manual
surface/gradient level streamline analyses.

The buoys furnished data on Super Typhoon
Nelson (20W), Typhoons Odessa (21W), Pat
(22W) , Ruby (23W), Skip (24W), Tess (25W),
and Tropical Storms Lee (18W) and Val (26W).
The tracks of the drifting buoys can be seen in
Figure 1-1. Three buoys ceased operating after
washing ashore in the Philippine Islands during
October, November and December. By the end
of 1988, five of nine buoys from the 1988
deployment and one buoy from the 1987
deployment remained operational.
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3. COMMUNICATIONS

a. AUTOMATED DIGITAL
NETWORK (AUTODIN)

AUTODIN is used for dissemination of
warnings, alerts and other related bulletins to
Department of Defense installations. These
messages are relayed for further transmission
over Navy Fleet Broadcasts, and Coast Guard
CW (continuous wave Morse Code) and voice
broadcasts. Inbound message traffic for JTWC
is received via AUTODIN addressed to
NAVOCEANCOMCEN GQ or DET 1, 1WW
NIMITZ HILL GQ.

b. AUTOMATED WEATHER
NETWORK (AWN)

The AWN provides weather data over
the Pacific Meteorological Data System
(PACMEDS). Operational for JTWC in April
1988, the PACMEDS allows Pacific-Theater
agencies to receive weather information at 1200
baud, which is an upgrade from the older 75
baud teletype systems, eliminating data
backlogs. The system provides the large
volume of meteorological reports necessary to
satisfy JTWC requirements. Weather bulletins
prepared by JTWC are inserted into the AWN
circuit through the Nimitz Hill Naval Telecom-
munications Center (NTCC), which is
controlled by the Naval Communications Area
Master Station (NAVCAMS) Western Pacific
located on Guam.

¢. AUTOMATIC VOICE NETWORK
(AUTOVON)

AUTOVON is a world-wide general
purpose switched voice network for the
Department of Defense. The network provides
a rapid and *al voice link for JTWC to
communicate tropical cyclone information to
customers. The AUTOVON telephone number
for JTWC is 344-4224.

d. NAVAL ENVIRONMENTAL DATA
NETWORK (NEDN)

The NEDN continues to provide
processed and raw environmental data from
FNOC to JTWC, and is a communication line
for requesting and receiving forecast aids via
FNOC's mainframe computers.

e. TIME-SHARING NETWORK
(TYMNET)

The use of TYMNET through the
Automated Tropical Cyclone Forecast (ATCF)
system started in 1987 and aided JTWC's shift
away from exclusive dependence on the Naval
Environmental Display Station (NEDS) for
processing and transmission of tropical cyclone
forecast aids, and for receiving environmental
fields and raw data. The use of the ATCF
microcomputers has improved both the speed of
handling and the quality control of these data.

f. DEFENSE DATA NETWORK
(DDN)

The DDN is a Department of Defense
network of communication lines/links to
exchange data files. Because the DDN has
links, or gateways, to non-military information
networks, it has demonstrated an excellent
potential for interfacing with the research
community. It was used routinely to transmit
SSM/1 data from AFGWC to JTWC.

g. TELEPHONE FACSIMILE
(TELEFAX)

TELEFAX provides the capability to
rapidly scan and transmit, or receive, documents
over commercial telephone lines or AUTO-
VON. The TELEFAX is used to disseminate
tropical cyclone advisories and warnings to key
agencies on Guam and in special situations the
other Micronesian Islands. Inbound documents
for JTWC are received via commercial
telephone at (671) 477-6186. If inbound
through AUTOVON, the Guam AUTOVON




operator 322-1110 can transfer the call to the
commercial number 477-6186.

h. NAVAL ENVIRONMENTAL
SATELLITE NETWORK (NESN)

The NESN's primary function is to pass
satellite data between FNOC and regional
centers. It can provide a limited back-up for the
NEDN.

4. DATA DISPLAYS

a. NAVAL ENVIRONMENTAL
DISPLAY STATION (NEDS)

The NEDS is the mainstay for producing
displays and hard copies of FNOC envi-
ronmental products. However, it now serves as
a backup for the transmission and receipt of
FNOC's objective forecast aids and JTWC's
weather messages.

b. AUTOMATED TROPICAL
CYCLONE FORECAST SYSTEM
(ATCF)

Increased usage of microcomputers in
the ATCF has shortened the processing time and
improved the quality control of weather
bulletins; especially the warnings. The ATCF is
still a step away from direct interface with
NTCC for AWN and AUTODIN message
transmissions, but the Joint Typhoon Warning
Center Automation Project (JTWC-AP) will
make this needed interface a reality.

¢. PACIFIC DIGITAL INFORMATION
GRAPHICS SYSTEM (PACDIGS)

The PACDIGS is a new commun-
ications circuit that was expanded to include
JTWC in 1988. Air Force Global Weather
Central (AFGWC) at Omaha, Nebraska
provides a standard set of numerical products to
the PACDIGS circuit.

d. NAVAL SATELLITE DISPLAY
SYSTEM (NSDS)

The NSDS functions primarily for
display of FNOC stored satellite imagery and
can provide limited back up for the NEDN, via
the NESN.

5. ANALYSES

A composite surface/gradient-level
(3000 ft (914 m)) manual analysis of the JTWC
area of responsibility is accomplished daily on
the 0000Z and 1200Z conventional data.
Analysis of the wind field using streamlines is
stressed for tropical and subtropical regions.
Analysis of the pressure field outside the tropics
is accomplished routinely by the Naval
Oceanography Command Center Operations
watch team and is used by JTWC in conjunction
with their analysis of the tropical wind fields.

A composite upper-tropospheric manual
streamline analysis is accomplished daily at
0000Z and 1200Z, utilizing rawinsonde data
from 300 mb through 100 mb, winds obtained
from satellite-derived cloud motion analysis,
and AIREPS (taken plus or minus three hours of
chart valid time) at or above 31,000 ft (9,449
m). Wind and height data are used to generate a
representative analysis of tropical cyclone
outflow patterns, mid-latitude steering currents,
and features that may influence tropical cyclone
intensity. All charts are hand-plotted in the
tropics to provide all available data as soon as
possible to the Typhoon Duty Officer (TDO).
These charts are augmented by computer-
plotted charts for the final analysis.

Computer analyses for the 925, 850,
700, 500, 400, 250 and 200 mb levels are
available from the 0000Z and 1200Z data base.
Additional sectional charts at intermediate
synoptic times and auxiliary charts, such as
station-time plot diagrams and pressure-change
charts, are also analyzed during periods of
significant tropical cyclone activity.




A Hovméller Trough-and-Ridge Dia-
gram for 500 mb at 40° North and 30° South
latitudes for the entire hemisphere is produced
daily to provide a quick look at trough and ridge
progression with time.

6. FORECAST AIDS

The following objective tropical cyclone
forecasting techniques were employed during
1988 (a description of each technique is
presented in Chapter V):

a. MOVEMENT

(1) EXTRAPOLATION
(2) CLIMATOLOGY

(3) HPAC (Half Persistence - Half
Climatology Blend)

(4) CLIPER (Climatology and
Persistence Technique)

(5) COSMOS (Model Output
Statistics)

(6) CSUM (Statistical Dynamic
Model)

(7) OTCM (Dynamic Model)
(8) TAPT (Empirical)
(9) TYANT78 (Analog)
b. INTENSITY
(1) CLIMATOLOGY
(2) DVORAK (Empirical)

(3) HOLLAND/MARTIN
(Empirical)

7. FORECAST PROCEDURES
a. INITIAL POSITIONING

The warning position is the best estimate
of the center of the surface circulation at
synoptic time. It is estimated from an analysis
of all fix information received up to one and
one-half hours after synoptic time. This
analysis is based on a semi-objective weighting
of fix information based on the historical
accuracy of the fix platform and the
meteorological features used for the fix. The
interpolated warning position reduces the
weighting of any single fix and results in a more
consistent movement and a warning position
that is more representative of the larger-scale
circulation. If the fix data are not available
due to reconnaissance platform malfunction or
communication problems, synoptic data or
extrapolation from previous fixes are used.

b. TRACK FORECASTING

A preliminary forecast track is de-
veloped based on an evaluation of the rationale
behind the previous warning and the guidance
given by the most recent set of objective
techniques and numerical prognoses. This
preliminary track is then subjectively modified
based on the following considerations:

(1) The prospects for recurvature or
erratic movement are evaluated. This
determination is based primarily on the present
and forecast positions and amplitudes of the
middle-tropospheric, mid-latitude troughs and
ridges as depicted on the latest upper-air
analysis and numerical forecasts.

(2) Determination of the best steering
level is partly influenced by the maturity and
vertical extent of the tropical cyclone. For
mature tropical cyclones located south of the
subtropical ridge axis, forecast changes in speed
of movement are closely correlated with
anticipated changes in the intensity or relative
position of the ridge. When steering currents
are relatively weak, the tendency for tropical




cyclones to move northward due to internal
forces is an important consideration.

(3) Over the 12- to 72-hour (12- to
48-hour in the southern hemisphere) forecast
period, speed of movement during the early
forecast period is usually biased towards
persistence, while the later forecast periods are
biased towards objective techniques. When a
tropical cyclone moves poleward, and toward
the mid-latitude steering currents, speed of
movement becomes increasingly more biased
toward a selective group of objective techniques
capable of estimating acceleration.

(4) The proximity of the tropical
cyclone to other tropical cyclones is closely
evaluated to determine if there is a possibility of
interaction.

A final check is made against clim-
atology to determine whether the forecast track
is reasonable. If the forecast deviates greatly
from one of the climatological tracks, the
forecast rationale will be reappraised.

c. INTENSITY FORECASTING

Heavy reliance is placed on the
empirically derived Dvorak (1984) model for
forecasting tropical cyclone intensity. Other
techniques used for forecasting intensity are
extrapolation of synoptic wind and pressure
data and climatology. An evaluation of the
entire synoptic situation is made, including the
location of major troughs and ridges, the
position and intensity of any nearby Tropical
Upper-Tropospheric Troughs (TUTTs), the
vertical and horizontal extent of the tropical
cyclone's circulation and the extent of the
associated upper-level outflow pattern. Each
intensity forecast is affected by the
accompanying forecast track and environmental
influences along that track; such as, terrain,
vertical wind shear and extratropical weather
features.

d. WIND-RADII FORECASTING

A new wind profile and steering
diagnostic is being used at JTWC. The
technique is the result of efforts by Dr. G. J.
Holland (Office of Naval Research contractor)
and Maj. J. Martin. The technique adapts an
earlier work (Holland, 1980) and specifically
addresses the need for realistic 30-, 50- and
100-kt wind radii around tropical cyclones. It
solves equations for basic gradient wind
relations within the tropical cyclone area, using
input parameters obtained from enhanced
infrared satellite imagery. For the first time,
diagnoses also include asymmetric areas of
winds caused by tropical cyclone movement.
Size and intensity parameters are also used to
diagnose internal steering components of
tropical cyclone motion known collectively as
"Beta-drift". The Holland/Martin wind radii
technique replaces the more general Huntley
(1980) technique.

8. WARNINGS

Tropical cyclone warnings are issued
when a closed circulation is evident and
maximum sustained winds are forecast to
increase to 34 kt (18 m/sec) within 48-hours, or
if the tropical cyclone is in such a position that
life or property may be endangered within 72-
hours. Warnings may also be issued in other
situations if it is determined that there is a need
to alert military or civil interests to threatening
tropical weather conditions.

Each tropical cyclone warning is
numbered sequentially and includes the
following information: the position of the
surface center; estimate of the position accuracy
and the supporting reconnaissance (fix)
platforms; the direction and speed of movement
during the past six hours (past 12-hours in the
southern hemisphere); the intensity and radial
extent of over 30-, 50-, and 100-knot surface
winds, when applicable. At forecast intervals of
12-, 24-, 48-, and 72-hours (12-, 24-, and 48-
hours in the southern hemisphere), information
on the tropical cyclone's anticipated position,
intensity and wind radii are also provided.
Vectors indicating the mean direction and mean
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speed between forecast positions are also
included in all warnings.

Warnings in the western North Pacific
and North Indian Oceans are issued every six
hours valid at standard times: 0000Z, 0600Z,
1200Z and 1800Z (every 12-hours: 0000Z,
1200Z or 0600Z, 1800Z in the southern
hemisphere). All warnings are released to the
communications network no earlier than
synoptic time and no later than synoptic time
plus two and one-half hours, so that recipients
will have a reasonable expectation of having all
warnings "in hand" by synoptic time plus three
hours (0300Z, 0900Z, 1500Z and 2100Z).

Warning forecast positions are later
verified against the corresponding "best track”
positions (obtained during detailed post-storm
analyses to determine the most probable path
and intensity of the cyclone). A summary of the
verification results for 1988 is presented in
Chapter V.

9. PROGNOSTIC REASONING
MESSAGES

This plain language message is intended
to provide meteorologists with the reasoning
behind the latest forecast. For tropical
depressions, tropical storms, typhoons and super
typhoons in the western North Pacific Ocean,
prognostic reasoning messages are transmitted
following each warning. This is a change from
1987, when prognostic reasoning messages for
western North Pacific tropical storms, typhoons
and super typhoons were transmitted after the
0000Z and 1200Z warnings, or whenever the
previous forecast reasoning was no longer valid.

In addition to this message, prognostic
reasoning information, applicable to all
customers, is provided in the remarks section of
warnings when significant forecast changes are
made or when deemed appropriate by the TDO.

10. TROPICAL CYCLONE
FORMATION ALERTS

Tropical Cyclone Formation Alerts
(TCFAs) are issued whenever interpretation of
satellite imagery and other meteorological data
indicate that the formation of a significant
tropical cyclone is likely. These Alerts will
specify a valid period not to exceed twenty-four
hours and must either be cancelled, reissued, or
superseded by a tropical cyclone warning prior
to the expiration of the valid time.

11. SIGNIFICANT TROPICAL
WEATHER ADVISORIES

This product contains a general, non-
technical description of all tropical disturbances
in JTWC's area of responsibility (AOR) and an
assessment of their potential for further (tropical
cyclone) development. In addition, all tropical
cyclones in warning status are briefly discussed.
Two separate messages are issued daily and are
valid for a 24-hour period. The Significant
Tropical Weather Advisory for the western
Pacific Ocean (ABPW PGTW) covers the area
east of 100° East longitude to the dateline and is
issued by 0600Z. The Significant Tropical
Weather Advisory for the Indian Ocean (ABIO
PGTW) covers the area west of 100° East
longitude to the coast of Africa and is issued by
1800Z. These are reissued whenever the
situation warrants. For each suspect area, the
words “"poor”, "fair", or “"good" are used to
describe the potential for development. "Poor”
will be used to describe a tropical disturbance
in which meteorological conditions are
currently unfavorable for development; "fair"
will be used to describe a tropical disturbance in
which the meteorological conditions are
favorable for development but significant
development has not commenced; and "good"
will be used to describe the potential for
development of a tropical disturbance covered
by a Tropical Cyclone Formation Alert.




CHAPTER II - RECONNAISSANCE AND FIXES

1. GENERAL

The Joint Typhoon Waming Center de-
pends on reconnaissance to provide necessary,
accurate, and timely meteorological information
in support of advisories, alerts and warnings.
JTWC relies primarily on three reconnaissance
platforms: aircraft, satellite, and radar. In data
rich areas, synoptic data are also used to
supplement the above. Optimum use of all
available reconnaissance resources is obtained
through the Selective Reconnaissance Program
(SRP); various factors are considered in
selecting a specific reconnaissance platform
including capabilities and limitations, and the
tropical cyclone's threat to life and property
both afloat and ashore. A summary of
reconnaissance fixes received during 1988 is
included in Section 6 of this chapter.

2. RECONNAISSANCE
AVAILABILITY

a. AIRCRAFT

Due to budgetary constraints, 1987 was
the final year for dedicated aircraft weather
reconnaissance in the western North Pacific.
The thrust in 1988 was to increase the
frequency and reliability of commercial/military
airways meteorological reports, thus enhancing
synoptic analysis, particularly in data sparse
regions.

Limited aircraft of opportunity were
available in the western North Pacific, in 1988,
for use as synoptic track missions. Aircraft of
opportunity can provide direct measurements of
standard pressure-level heights, temperature and
flight-level wind data. These data, plus the use
of airborne radar, can provide the forecaster
vital information on changing tropical cyclone
characteristics.

b. SATELLITE

Satellite fixes from Air Force/Navy
ground sites and Navy ships provide day and
night coverage in JTWC's area of responsibility.
Interpretation of this satellite imagery provides
tropical cyclone positions and estimates of
current and forecast intensities through the
Dvorak technique.

c. RADAR

Land-based radar remotely senses and
maps precipitation within tropical cyclones in
the proximity (usually within 175 nm (324 km))
of radar sites in the Republic of the Philippines,
Taiwan, Hong Kong, Japan, South Korea,
Kwajalein and Guam. In 1987 the USAF
upgraded the radars at Yongsan AB,/South
Korea; Yokota AB, Japan; Kadena AB,
Okinawa, Japan; and Andersen AFB, Guam.
(The upgrade included increased range,
continuous clockwise or counterclockwise scan,
a range height indicator to an altitude of 21 km
(13 nm) in 1 km (0.6 nm) intervals, a digital
video integrator/processor, range normalization,
a color enhanced digital remote scope and local
area/operations area mapping program.) These
new radars are a welcome improvement to the
existing network. The next upgrade will be the
arrival of the first next generation Doppler
radars in the early 1990's.

d. SYNOPTIC

JTWC also determines tropical cyclone
positions based on the analysis of the
surface/gradient-level synoptic data. These
positions were helpful in situations where the
vertical structure of the tropical cyclone was
weak or accurate surface positions from aircraft
or satellite were not available.

3. AIRCRAFT RECONNAISSANCE
SUMMARY

There were no vortex fix or investigative
missions flown into western North Pacific




tropical cyclones in 1988. A synoptic track and
airborne radar fix were provided on Typhoon
Roy (01W) in January by aircraft of oppor-
tunity. These data described the mid-level
steering flow and center location.

4. SATELLITE RECONNAISSANCE
SUMMARY

The USAF provides satellite recon-
naissance support to JTWC through the DMSP
Tropical Cyclone Reporting Network (DMSP
Network), which consists of tactical sites and a
centralized facility. Tactical DMSP sites
monitoring DMSP, NOAA and geostationary
satellite data are located at Nimitz Hill, Guam;
Clark AB, Republic of the Philippines; Kadena
AB, Okinawa, Japan; Osan AB, Republic of
Korea; and Hickam AFB, Hawaii. These sites
provide a combined coverage that includes most
of JTWC's area of responsibility in the western
North Pacific, from near the dateline westward
to the Malay Peninsula. For the remainder of its
AOR, JTWC relies on the AFGWC to provide
coverage using stored satellite data. The Naval
Oceanography Command Detachment, Diego
Garcia, furnishes interpretation of NOAA polar
orbiting coverage in the central Indian Ocean
and USN ships equipped for direct satellite
readout contribute supplementary support.

AFGWC, located at Offutt AFB,
Nebraska, is the centralized member of the
DMSP network. In support of JTWC, AFGWC
processes stored imagery from DMSP and
NOAA spacecraft. Stored imagery is recorded
onboard the spacecraft as they pass over the
earth and later down-linked to AFGWC via a
network of command readout sites and
communication satellites. This enables
AFGWC to obtain the coverage necessary to fix
all tropical cyclones within JTWC's AOR.
AFGWC has the primary responsibility to
provide tropical cyclone reconnaissance over
the entire Indian Ocean, southwest Pacific, and
the area near the dateline in the western North
Pacific Ocean. Additionally, AFGWC can be
tasked to provide tropical cyclone support in the
entire western North Pacific as backup to
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coverage routinely available in that region.

The hub of the DMSP network is
Detachment 1, First Weather Wing (Det 1,
IWW), colocated with JTWC at Nimitz Hill,
Guam. - Based on available satellite coverage,
Det 1, 1WW is responsible for coordinating
satellite reconnaissance requirements with
JTWC and tasking the individual network sites
for the necessary tropical cyclone fixes, current
intensity estimates and forecast intensities.
When a particular satellite pass is selected to
support the development of JTWC's next
tropical cyclone warning, two sites are tasked to
fix the tropical cyclone from the same pass.
This "dual-site" concept provides the necessary
redundancy to virtually guarantee JTWC a
satellite fix on the tropical cyclone.

The network provides JTWC with
several products and services. The main service
is one of monitoring the AOR for indications of
tropical cyclone development. If an area
exhibits potential for development, JTWC is
notified. Once JTWC issues either a Tropical
Cyclone Formation Alert or warning, the
network is tasked to provide three products:
tropical cyclone positions, current intensity
estimates and forecast intensities. Each satellite
tropical cyclone position is assigned a Position
Code Number (PCN) to indicate the accuracy of
the fix position. The PCN is determined by the
availability of visible landmarks in the image
that can be used as references for precise
gridding and the degree of organization of the
tropical cyclone's cloud system (Table 2-1).

N

TABLF 2-1

POSITION CODE NUMBERS (PCN)

PCN METHOD FOR CENTER DFTENMINATION/GRIDDING

1 EYE/GEOGRAPHY

2 EYE/EPHEMERIS

3 WELL DEFINED CIRCULATION CENTER/GEOGRAPHY
4 WELL DEFINED CIRCULATION CENTER/EPHEMERIS

5 POORLY DEFINED CIRCULATION CENTER/GEOGRAPHY
6 POORLY DEFINED CIRCULATION CENTER/EPHEMERIS
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Figure 2-1. Dvorak code for communicating estimates of
current and forecast intensity derived from satellite data. In the
example, the current "T-number” is 3.5, but the current intensity
is 4.5. The cloud system has weakened by 1.5 “T-numbers”
since the previous evaluation conducted 24-hours earlier. The
plus (+) symbol indicates an expected reversal of the
weakening trend or very little further weakening of the tropical
cyclone during the next 24-hour period.

Starting in 1987, Detachment 1, First
Weather Wing increased the number of
estimates of the tropical cyclone’s current
intensity from two to four per day once a
tropical cyclone formation alert or tropical
cyclone warning was issued. Current intensity
estimates and 24-hour intensity forecasts are
made using the Dvorak technique (NOAA
Technical Report NESDIS 11) for both visual
and enhanced infrared imagery (Figure 2-1).

Figure 2-2 shows the status of oper-
ational polar orbiting spacecraft. Two DMSP
spacecraft were operational in 1988. The year
began with one operational DMSP satellite, the
19543 (F8) spacecraft. After overheating forced
a temporary shutdown on 3 December 1987, the
Special (passive) Sensor, Microwave Imager
(SSM/I) on the F8 spacecraft was reactivated in
mid-January 1988. The 20542 (F9) DMSP
satellite was launched 3 February as a
replacement for the 18541 (F7) satellite, which
failed 17 October 1987. The thermal channel
used for intensity estimates began to degrade
shortly after launch and was of marginal use at
year's end. The NOAA 10 spacecraft performed
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well throughout the year. The NOAA 11 was
launched 24 September and replaced the aging
NOAA 9 saiellite on 8 November.

During 1988, data from the DMSP
network was the primary input to warnings and
best tracks in the western North Pacific. This
increased emphasis on satellite data resulted in
almost all the warnings being based on satellite
reconnaissance.

The DMSP network provided JTWC
with a total of 2,044 satellite fixes on 27
tropical cyclones in the western North Pacific
Ocean. In addition, 117 fixes were made on
tropical cyclones in the North Indian Ocean and
1144 in the southern hemisphere. A comparison
of those fixes and their corresponding best
tracks is shown in Tables 2-2A and 2-2B.
(Note: Those fixes which were out of limits
when compared with the best track are not
included.) The network also provided an
additional 224 fixes on tropical disturbances
which did not develop into significant tropical
cyclones. The standard relationship between
tropical cyclone "T-number", maximum surface
wind speed (Dvorak, 1984) and minimum sea-
level pressure (Atkinson and Holliday, 1977) is
outlined in Table 2-3.




TABLE 2-2A
MEAN DEVIATION (NM) OF ALL SATELLITE DERIVED TROPICAL CYCLOME
POSITIONS FROM JIWC BEST TRACK POSITIONS IN THE
WESTERN NORTH PACIFIC AND NORTH INDIAN OCEANS
(NUMBER OF CASES IN PARENTHESES)
WESTERN NORTH PACIFIC OCEAN NORTH INDIAN OCEAN
BPCN  1978-1987 AVERAGE ~ 19688 AVERAGE 1980-1987 AVERAGE = 1988 AVERAGE
1 14.2 (1737) 13.4 (78) 16.9 (42) 7.2 (2)
2 15.6 (2582) 13.7 (337) 16.9 (9) 11.3 (4)
3 21.2 (2488) 18.5 (82) 24.8 (34) 24.5 (8)
4 22.2 (2047) 16.7 (281) 45.1 (21) 25.2 (5)
5 37.5 (429%94) 30.2 (185) 38.3 (313) 37.4 (30)
6 38.4 (5023) 30.9 (973) 40.5 (417) 38.7 (64)
142 15.0 (4319) 13.6 (415) 17.0 (51) 9.9 (6)
3&4 21.7 (4535) 17.1 (363) 32.5 (55) 24.8 (13)
5&6 38.0 (9317) 30.8 (1158) 39.6 (730) 38.3 (94)
TOTAL 28.4 (18171) 24.5 (193¢) 37.8 (836} 35.2 (113)
TABLE 2-2B

MEAN DEVIATION (NM) OF ALL SATELLITE DERIVED TROPICAL CYCLOME
POSITIONS FROM JTWC BEST TRACK POSITIONS IN THE
WESTERN SOUTH PACIFIC AND SOUTH INDIAN OCEANS
(NUMBER OF CASES IN PARENTHESES)

BCN 1985 - 1987 AVERAGE 1988 AVERAGE
1 16.6 (82) 15.2 (21)
2 16.1 (442) 17.9 (122)
3 35.9 (112) 25.4 (13)
4 27.0 (408) 27.1 (130)
5 40.8 (474) 39.2 (74)
6 36.4 (2938) 40.1 (713)
l1¢2 16.2 (524) 17.5 (143)
3&4 28.9 (520) 26.9 (143)
St6 37.0 (3412) 40.0 (787)
TOTALS 33.6 (4456) 35.3 (1073)
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TABLE 2-3

TROPICAL CYCLONE
INTENSITY NUMBER

NSO EWWNNNHHEOO
€ o s & e 8 4 e 2 & s e e e o e o
ouvwoULmMouvLouUouvwowmwWouwmwo no

MAXTIMOM SUSTAINED WIND SPRED (KT)
AS A FUNCTION OF DVORAK CURRENT AMND
FORECAST INTENSITY NUMBER AND
MINIMOM SEA-LEVEL PRESSURRE (MSLP)

WIND
SPEED

<25
25
25
25
30
35
45
55
65
17
90
102
115
127
140
155
170

MSLP
ANW PACIFIC)

1000
997
991
984
976
966
954
941
927
914
898
879
858

5. RADAR RECONNAISSANCE
SUMMARY

Twelve of the twenty-seven significant
tropical cyclones in the western North Pacific
during 1988 passed within range of land-based
radar with sufficient cloud pattern organization
to be fixed. The land-based radar fixes that
were obtained and transmitted to JTWC totaled
430. (Only one radar fix was obtained by
aircraft of opportunity.)

The WMO radar code defines three
categories of accuracy: good (within 10 km (5
nm)), fair (within 10-30 km (5-16 nm)), and
poor (within 30-50 km (16-27 nm)). Of the 428
radar fixes encoded in this manner; 169 were
good, 120 were fair, and 139 were poor.
Compared to JTWC's best track, the mean
vector deviation for land-based radar sites was
19 nm (35 km). Excellent support from the
radar network through timely and accurate radar
fix positioning allowed JTWC to track and
forecast tropical cyclone movement through
even the most difficult erratic tracks.
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The availability of data from radar sites
in the Republic of Philippines was of concern.
In 1988 these radar sites provided a valuable but
limited number of reports on tropical cyclones.
Reports were received from only two stations,
in contrast to five in 1987. As in previous
years, no radar reports were received on North
Indian Ocean or southern hemisphere tropical
cyclones. '

6. TROPICAL CYCLONE FIX
DATA

A total of 2,474 fixes on twenty-seven
western North Pacific tropical cyclones and 117
fixes on five North Indian Ocean tropical
cyclones were received at JTWC. Table 2-4A
and Table 2-4B delineate the number of fixes
per platform for each individual tropical
cyclone for the western North Pacific and North
Indian Oceans respectively. Season totals and
percentages arc also indicated. (Table 2-4C
provides the same information for the South
Pacific and South Indian Oceans.)




TABLE 2-4A

WESTERN NORTH PACIFIC SATELLITE RADAR
TY ROY (01wW) 155 60
TY SUSAN (02W) 15 35
TD O3W (03wW) 29 0
TY THAD (04W) 96 26
TS VANESSA (O5W) 76 8
TY WARREN (0O6W) 141 30
TS AGNES (07W) 33 0
TS BILL (08W) 43 0
TS CLARA (O9W) 36 0
TY DOYLE (10W) 96 0
TS ELSIE (11W) 39 0
TY FABIAN (12W) 81 0
TS GAY (13W) 21 0
TY HAL (14wW) 110 18
TY ULEKI (01C) 62 0
TS IRMA (15W) 51 0
TS JEFF (16W) 36 0
TS KIT (17W) 51 9
TS LEE (18W) 64 8
TS MAMIE (19W) 48 0

STY NELSON (20W) 125 184
TY ODESSA (21W) 104 0
TY PAT (22W) 81 9
TY RUBY (23W) 140 42
TY SKIP (24W) 133 0
TY TESS (25W) 55 0
TS VAL (26W) 63 1
TOTALS 2044 430
PERCENTAGE OF TOTALS 83% 17%

WESTERN NORTH PACIFIC
FIX PLATFORM SUMMARY FOR 1988

* NO AIRCRAFT OR SYNOPTIC FIXES WERE RECEIVED

TOTAL*

215
110
29
122
84
1m
33
43
36
96
39
81
21
128
62
51
36
60
72
48
309
104
90
182
133
55
64

2474

100%

TABLE 2-4B
NORTH INDIAN OCEAN
FIX PLATFORM SUMMARY FCR 1988
TROPICAL CYCLONE SATELLITE*
TC Ol1A 20
TC 02B 15
TC 03B 11
TC 04B 55
TC 0SB 16

TOTAL NUMBER OF FIXES 117

* NO SYNOPTIC FIXES WERE RECEIVED
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TABLE 2-4C
SOUTH PACIFIC AND SOUTH INDIAN OCEANS
FIX PLATFORM SUMMARY FCR 1988
IRORICAL CYCLONES SATELLITE SYNOPTIC TOTAL**
TC 018 =~ - - - 65 0 65
TC 028 =~ - - - 14 0 14
TC 03S ARINY 79 0 79
TC 04P - - - - 37 0 37
TC 05S BERNANDRO 43 0 43
TC 06P AGI 97 0 97
TC 07P ANNE 93 2 95
TC 08S CALIDERA 18 0 18
TC 09S DOAZA 59 0 59
TC 10S FREDERIC 47 0 47
TC 11S GWENDA * 95 0 95
TC 12P CHARLIE i1 0 111
TC 13P BOLA 123 0 123
TC 148 - - - - 21 0 21
TC 15P CILIA 14 0 14
TC 16S GASITAO 64 0 64
TC 178 - - - - 2 0 2
TC 18S HELY 11 0 11
TC 19P DOVI 82 0 82
TC 20S IARISENA 24 0 24
TC 21§ - - - - 25 0 25
TOTAL NUMBER OF FIXES 1144 2 1146

* ALSO NAMED EZENINA

** NO RADAR FIXES WERE RECEIVED
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CHAPTER III - SUMMARY OF WESTERN NORTH PACIFIC AND
NORTH INDIAN OCEAN TROPICAL CYCLONES

1. GENERAL

During the calendar year 1988, JTWC
issued -warnings on 27 tropical cyclones in the
western North Pacific - one super typhoon, 12
typhoons, 13 tropical storms and one tropical
depression. This includes Typhoon Uleki
(01C), which initially developed in the central
North Pacific (Table 3-1). The total number of
western North Pacific tropical cyclones is lower
than the climatological mean of 30.7, and two
above the 1987 total (Table 3-2). Five tropical
cyclones - one of typhoon and four of tropical
storm intensity - developed in the North Indian
Ocean. This is average. The climatological
mean is 4.7. During 1988, warnings were
issued on a total of 32 northern hemisphere
tropical cyclones. A chronology of western
North Pacific and North Indian Ocean tropical
cyclones is provided in Figure 3-1.

For the year, there were 114 "warning
days" in the western North Pacific. A warning
day is defined as a day during which JTWC
issued warnings on at least one tropical cyclone.
A "one-cyclone day" refers to a day when we
were warning on only one tropical cyclone. A
"two-cyclone day" refers to a day when we
warned on two different tropical cyclones
simultaneously. A "three-cyclone day" means
JTWC was warning on three tropical cyclones
at once. Considering only the western North
Pacific, there were 15 two-cyclone days and
four three-cyclone days (Table 3-3). When
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North Indian Ocean tropical cyclones are
included, there were 128 waming days of which
16 were two-cyclone days and four were three-
cyclone days. There were no four-cyclone or
five-cyclone days. Thus, JTWC was in northern
hemisphere warning status 35 percent of the
year; we were in a multiple-cyclone situation
(that is, warning on two or more tropical
cyclones at the same time) for 20 days or six
percent of the year.

JTWC issued 471 warnings on 27
western North Pacific tropical cyclones and 44
warnings on five North Indian Ocean tropical
cyclones, for a grand total of 515 warnings.
There were 33 initial Tropical Cyclone
Formation Alerts issued for western North
Pacific disturbances and four for the North
Indian Ocean. Twenty-six western North
Pacific and four North Indian Ocean tropical
cyclones developed subsequent to the issuance
of an Alert. Only one western North Pacific
tropical cyclone-Tropical Storm Elsie (11W)-
regenerated, and an Alert was issued prior to
regeneration. Typhoon Uleki (01C) was passed
to JTWC from CPHC while in waming status,
so JTWC did not issue an Alert (Table 3-4). In
the western North Pacific, the false alarm rate
was 21 percent and the mean lead time (to
issuance of the first warning) was 8.5-hours.
For the North Indian Ocean, the false alarm rate
was zero and the mean lead time was 5.1 hours.
An Alert was not issued for Tropical Cyclone
02B.




TABLE 3-1 WESTERN NORTH PACIFIC
1988 SIGNIFICANT TROPICAL CYCILOMES

NUMBER OF MAXTMUM
WARNINGS SURFACE WINDS ESTIMATED
IROPICAL CYCLONE PERIOD OF WARNING —ISSUED KT (M/SEC) MSIP - MB
(01W) TY ROY 08 JAN - 18 JAN 41 115 (59) 927
(O2W) TY SUSAN 30 MAY - 03 JUN 17 80 (41) 963
(O3W) TD O3W 04 JUN - 05 JUN 6 30 (15) 1000
(04W) TY THAD 20 JUN - 25 JUN 21 70 (36) 972
(05W) TS VANESSA 26 JUN - 29 JUN 12 45 (23) 991
(06W) TY WARREN 12 JuUL - 20 JUL 30 115 (59) 927
(07TW) TS AGNES 29 JUL - 30 JUL 8 40 (21) 994
(08W) TS BILL 07 AUG - 08 AUG S 45 (23) 991
(OSW) TS CLARA 10 AUG -~ 12 AUG 6 45 (23) 991
(10wW) TY DOYLE 15 AUG - 21 AUG 24 115 (59) 927
(11W) TS ELSIE 28 AUG - 29 AUG 6 35 (18) 997
(11W) TS ELSIE* 31 AUG 4 45 (23) 991
(12W) TY FABIAN 30 AUG - 03 SEP 18 75 (39) 968
(13W) TS GAY 02 SEP - 04 SEP 6 45 (23) 991
(14W) TY HAL 08 SEP - 17 SEP 37 105 (54) 938
(01C) TY ULEKI 08 SEP - 13 SEP 21 90 (46) 954
(15W) TS IRMA 12 SEP - 15 SEP 16 55 (28) 984
(16W) TS JEFF 14 SEP - 16 SEP 9 45 (23) 991
(17W) TS KIT 19 SEP ~ 22 SEP 12 55 (28) 984
(18W) TS LEE 21 SEP - 24 SEP 15 55 (28) 984
(15W) TS MAMIE 22 SEP -~ 23 SEP 4 45 (23) 991
(20W) STY NELSON 01 OCT - 08 OCT 30 140 (72) 898
(21W) TY ODESSA 11 OCT - 16 OCT 22 90 (46) 954
(22W) TY PAT 18 OCT ~ 22 COCT 17 75 (39) 968
(23W) TY RUBY 21 OCT - 28 OCT 30 125 (64) 9le
(24W) TY SKIP 03 NOV - 11 NOV 30 125 (64) 916
(25W) TY TESS 04 NOV - 06 NOV 10 65 (33) 976
(26W) TS VAL 22 DEC ~ 26 DEC 14 55 (28) 984
IQTAL 471

* REGENERATED

TABLE 3-2 LEGEND

Legend: Total for the month ———————>1 6
Typhoons —>»{3 1 2

Tropical Storms A ;
Tropical Depressions

The criteria used in Table 3-2 are as follows:

1. If a tropical cyclone was first wamned on during the last two days of a particular month and continued into the next month
for longer than two days, then that system was attributed to the second month.

2. If a ropical cyclone was wamed on prior to the last two days of a month, it was attributed to the first month, regardless
of how long the system lasted.

3. If a tropical cyclone began on the last day of the month and ended on the first day of the next month, that system was
attributed 10 the first month. However, if a tropical cyclone began on the last day of the month and continued into the next
month for only two days, then it was attributed to the second month.
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TABLE 3-2

YEAR

1959

1960

1961

1962

1963

1964

1965

1966

1967

1968

1969

1970

17

1972

1973

1974

1975

1876

1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

1987

1988

WESTERN NORTH PACIFIC TROPICAL CYCLONE DISTRIBUTION

JAN

0
000
1
001
1
010
0
000
0
000
0
000
2
110
0
ooc
1
010
0
000
1
100
0
000
1
010
1
100
0
000
1
010
1
100
1
100
0
000
1
010
1
100
0
000
0
000
0
000
0
000
0
000
2
020

0
000
1
100

1
100

(1959-1988)

AVG

CASES

0.6

17

FEB MAR APR

1
010
0
000
1
010
1
010
0
000
0
000
2
020
0
000
0
000
1
001
0
000
1
100
0
000
0
000
0
000
0
000
0
000
1
010
0
000
0
000
0
000
0
000
0
000
0
000
0
000
0
000
0
000
1
100
0
000
0
000

0.3

1
010
1
001
1
100
0
000
1
001
0
000
1
010
0
000
2
110
0
000
1
010
0
000
1
010
1
001
0
000
1
010
0
000
0
000
1
010
0
000
1
100
1
001
1
100
3
210
0
000
0
000
0
000
0
000
0
000
0
000

1
100
1
100
1
010
1
100
1
100
0
000
1
100
1
100
1
100
1
100
1
100
0
000
2
200
0
000
0
000
1
010
1
001
2
110
0
000
1
100
1
100
1
010
1
010
0
000
0
000
Q
000
0
000
1
100
1
010
0
000

22

MAY

0
000
1
010
4
211
3
201
0
000
3
201
2
101
2
200
1
010
0
000
0
000
0
000
5
230
0
000
0
000

1
100
000
200
001
000
011
220
010
100
000
000
100
110
000

100

1.2

37

JUN

1
ool
3
210
6
114
0
000
4
310
2
200
4
310
1
100
1
100
4
202
0
000
2
110
2
200
4
220
0
000
4
121
0
000
2
200
1
010
3
030
0
000
1
010
2
200
3
120
1
010
2
020
3
201
2
110
2
110
3
111

63

JUL

3
111
3
210
5
320
8
512
S
311
8
611
6
411
4
310
8
332
3
120
3
210
3
021
8
620
S
410
7
430
S
230
1
010
4q
220
4
301
4
310
5
221
5
311
230
220
300
410
100
200
400

110

134

AUG

8
512
9
810
7
313
8
701
4
301
8
350
7
322
9
531
10
343
8
341
3
210
7
421
5
311
S
320
6
231
7
232
6
411
4
130
2
020
8
341
4
202
3
201
8
251
S
500
6
231
7
232
7
520
5
410
4
310
5
230

6.2

185

SEP  OCT
9 3
423 210
5 4
041 400
6 7
510 322
7 S
313 31
4 6
220 S0
8 7
521 331
9 3
531 201
10 4
532 112
8 4
530 211
4 6
400 510
6 S
204 410
4 6
220 321
7 4
511 310
6 5
411 410
3 4
201 400
S 4
320 400
5 6
410 321
5 0
410 000
5 4
230 310
4 7
310 412
6 3
336 210
7 4
511 220
4 2
400 110
6 4q
321 301
3 5
111 320
4 8
130 521
5 5
320 410
2 5
200 320
7 2
511 200
8 4
260 400
5.7 4.5
172 136

NOV

2
200
1
100
2
101
4
301
0
000
6
420
2
110
5
122
4
400
4
400
2
110
4
130
2
110
2
200
3
030

4
220
210
110
200
121
110
100
210
100
320
300
010
220
120

200

2.8

83

DEC

2
200
1
100
1
100
2
020
3
210
2
101
1
010
2
101
1
010
0
000
1
010
0
000
0
000
3
210
v}
000
2
020
2
002
2
020
1
100
0
000
3
111
1
010
2
200
1
100
2
020
1
100
2
110
3
210
1
100
1
010

1.4

43

20 11
24 6
19 6
26 13
21 13
20 10
20 15
20 7
13 6
12 12
24 11
22 8
12 9
15 17
14 ¢
14 11
11 8
15 13
14 9
15 9
16 12
19 7
12 11
16 11
17 9
19 8
18 6

14 12

30.6

919

19




Figure 3-1
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TABLE 3-3
WESTERN NORTH PACIFIC TROPICAL CYCIONE SUMMARY

TYPHOONS
41945 - 1958)

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTALS
AVG 0.4 0.1 0.3 0.4 0.7 1.1 2.0 2.9 3.2 2.4 2.0 0.9 16.3
CASES 5 1 4 S 10 15 28 41 45 34 28 12 228
{1959 - 1988)
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTALS
AVG 0.3 0.1 0.2 0.5 0.7 1.0 2.7 3.2 3.3 3.0 1.7 0.7 17.4
CASES 8 2 6 15 20 31 81 96 98 91 50 20 518

TROPICAL STORMS AND TYPHOONS
41845 - 1958)

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTALS
AVG 0.4 0.1 0.4 0.5 0.8 1.6 3.0 3.9 4.1 3.3 2.8 1.1 22.0
CASES [ 1 6 7 11 22 42 54 58 46 39 16 308
41959 -~ 1988)
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC TOTALS
AVG 0.5 0.3 0.5 0.7 1.0 1.8 4.1 5.3 5.0 4.1 2.6 1.3 27.2
CASES 16 9 14 21 31 53 122 160 150 122 78 38 814
FORMATION ALERTS: 26 OF 33 INITIAL FORMATION ALERTS DEVELOPED INTO
SIGNIFICANT TROPICAL CYCLONES (NOT INCLUDING ONE ON A SYSTEM THAT
REGENERATED) . TROPICAL CYCLONE FORMATION ALERTS WERE ISSUED FOR ALL OF
THE SIGNIFICANT TROPICAL CYCLONES THAT DEVELOPED IN 1988.
WARNINGS:
NUMBER OF CALENDAR WARNING DAYS: 114

NUMBER OF CALENDAR WARNING DAYS WITH TWO TROPICAL CYCLONES: 15
NUMBER OF CALENDAR WARNING DAYS WITH THREE TROPICAL CYCLONES: 4

TABLE 3-4
TROPICAL CYCIONE FORMATION ALERT SUMMARY
WESTERN NORTH PACIFIC OCRAN

TROPICAL TOTAL FALSE

INITIAL CYCLONES TROPICAL ALARM

IEAR ICEAS HITH ICFAS CYCLONES RAIR
1975 34 25 25 26%
1976 34 25 25 26%
1977 26 20 21 23%
1978 32 27 32 16%
1979 27 23 28 15%
1980 37 28 28 24%
1981 29 28 29 3%
1982 36 26 28 28%
1983 31 25 25 19%
1984 37 30 30 19
1985 39 26 27 33
1986 38 27 27 29%
1987 3l 24 25 23%
1988 33 26 27 21%

(1975-1988)
AVERAGE 33.3 25.7 26.9 21.8%
TOTALS 464 360 3N




2. WESTERN NORTH PACIFIC
TROPICAL CYCLONES

Distinguishing features of the 1988
western North Pacific tropical cyclone season
were the low number of super typhoons (1), the
short average lifespan of the tropical cyclones,
the aclimatic location of the monsoon trough
and an active Tropical Upper-Tropospheric
Trough (TUTT). The northward displacement
of the monsoon trough during the summer and
early fall and the active TUTT may have
accounted for the relatively large number of
tropical cyclones that had anomalous tracks.
The normal lifespan of a tropical cyclone in the
western North Pacific usually exceeds four
warning days. This year JTWC encountered a
large number of tropical cyclones (13) that were
in warning status for four days or less. The
short lifespans led to a relatively low number of
warnings and forecast verifications.

JANUARY THROUGH MAY

Typhoon Roy (01W) was only the
second typhoon in the past twelve years to
develop in the western North Pacific during
January. The typhoon's near miss of Guam
resulted in the most destruction since Super
Typhoon Pamela (1976) struck the island. After
Roy (01W) there was a long break in activity
until the end of May. The synoptic pattern
during the last week of May was anomalous,
with low-level southwesterlies extending across
the northern Philippine Sea into the northern
Marianas and southern Bonin Islands. Surface
pressures in the monsoon trough were 4 to 5 mb
below normal. Cyclonic vortices in the trough
were transitory until Typhoon Susan (02W)
formed off the coast of Luzon.

JUNE

As Susan (02W) moved northeastward,
Tropical Depression 03W developed in the
enhanced low-level southwesterly monsoonal
flow left behind Susan (02W). Then Tropical
Depression 03W moved into a subsidence area
over China and dissipated. A two week hiatus in
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tropical cyclone activity followed. Then
Typhoon Thad (04W) formed in the eastern
Carolines. It tracked over 2000 nm (3704 km)
during its lifetime, recurving just east of the
island of Luzon and passing 80 nm (148 km)
southeast of Okinawa. With Thad (04W)
weakening over water to the north, Tropical
Storm Vanessa (05W) generated to the south in
the Philippine Sea. It was the first "straight-
runner” of the year. Vanessa (05W) tracked
across the Philippine Islands and into the South
China Sea before dissipating over southern
China.

JULY

Almost two weeks passed after
Vanessa's (05W) demise before Typhoon
Warren (06W) developed in the eastern Caroline
Islands. Warren (06W) was the second tropical
cyclone of the year to threaten Guam. Warren
(06W) was the second "straight-runner” of the
year and maintained a west-northwestward track
during almost its entire lifetime. The system
skirted northern Luzon prior to making landfall
in southeastern China. Tropical Storm Agnes
(07W) followed a week later and was
noteworthy for several reasons. It was the last
of only two tropical cyclones to develop in July,
a month that normally averages five systems
and played a major role in the changing
synoptic pattern during late July. When Warren
(06W) dissipated, the monsoon trough remained
much farther north than normal. Agnes (07W)
formed in the area of lower pressures southeast
of Japan where the monsoon trough merged
with a mid-latitude low pressure system to the
northeast. Agnes (07W) followed the path of
lcast resistance and accelerated north-
northeastward along the trough axis.

AUGUST

Once Agnes (07W) went extratropical
the monsoon trough underwent a major
readjustment. It now stretched eastward from
the Gulf of Tonkin, across the South China Sea,
through the Luzon Strait and abruptly ter-
minated near Okinawa. Tropical Storm Bill




(08W) consolidated rapidly at the eastern end of
the monsoon trough, brushed by the island of
Okinawa and reached a peak intensity of 45 kt
(23 m/sec) before making landfall near
Shanghai, China. Bill (08 W) remained well
organized even after making landfall, and
caused widespread destruction and loss of life in
China. The other four tropical cyclones that
developed in August (Clara (09W), Doyle
(10W), Elsie (11W) and Fabian (12W)) all
formed north of 20° North latitude. Tropical
Storm Clara (09W) began in the easterly trade
winds as an area of weakly organized
convection 540 nm (1,000 km) north of Wake
Island. Clara (09W) initially tracked westward,
then abrubtly changed direction toward the
north. Throughout its short lifespan, the system
was consistently hindered by vertical wind
shear and only peaked at an intensity of 45 kt
(23 m/sec). Typhoon Doyle (10W) also fell into
the track category of "other" due to its erratic
behavior. Initially, Doyle (10W) moved rapidly
toward the south-southwest and looped before
tracking northeastward. To make the forecasts
more complicated, Doyle (10W) interacted with
a TUTT cell while maintaining typhoon
intensity. Once Doyle (10W) was extratropical,
Tropical Storm Elsie (11W) and Typhoon
Fabian (12W) formed from persistent con-
vection in the monsoon trough. Both displayed
erratic movement during their early stages and
underwent binary interaction before tran-
sitioning into extratropical systems.

SEPTEMBER

With Elsie (11W) and Fabian (12W)
going extratropical, Tropical Storm Gay (13W)
generated in the monsoon trough 420 nm (778
km) east of Okinawa and attained a peak
intensity of 45 kt (23 m/sec). It took the path of
least resistance and tracked up the trough to the
northeast. Gay (13W) was short-lived. It was
followed by a more normal synoptic situation,
where the monsoon trough shifted equatorward.
The monsoon trough later expanded, stretching
from Vietnam to 175° East longitude, and
spawned seven tropical cyclones. As Gay
(13W) dissipated east of Japan and Uleki (01C)
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churned across the Central Pacific, Typhoon Hal
(14W) formed just west of Wake Island. Its
development was aided by upper-level
divergence from a TUTT cell to its north. Hal
(14W) combined with Typhoon Uleki (01C),
Tropical Storm Irma (15W), and later with
Tropical Storm Jeff (16W) to create two
separate three-storm situations. In the
meantime, Typhoon Uleki (01C) became the
third hurricane in the past thirty years to form in
the central North Pacific and cross the
international dateline while in a warning status.
Tropical Storms Irma (15W) and Jeff (16W)
developed in Hal's (14W) strong low-level
southwesterly inflow. As Hal (14W), with a
large ragged eye, tracked northward, Irma
(15W) and Jeff (16W) followed and were
sheared away. Once Hal (14W) went
extratropical east of Japan, Tropical Storm Kit
(17W) developed in the monsoon trough 240
nm (444 km) east of the Philippine Islands. Kit
(17W) was a "straight-runner” and tracked over
the northern tip of Luzon. It made landfall over
southern China, causing loss of life and
property damage. While Kit (17W) was
moving into Luzon, Tropical Storm Lee (18W)
was slowly developing. Lee (18W) tracked
over 1,300 nm (2408 km) during a four day
period as an identifiable area of convection
before the first warning was issued. It then
moved northwestward before recurving to the
northeast and tracking within 45 nm (83 km)
southeast of Okinawa. Tropical Storm Mamie
(19W) formed in tandem with Kit (17W) and
was the second significant tropical cyclone to
develop in the South China Sea. Mamie (19W)
had an anomalous track. After a prolonged
southwestward movement, it made a sharp turn
and moved northward towards Hong Kong.

OCTOBER

Once Lee (18W) and Mamie (19W)
were gone, there was a five day break before
Super Typhoon Nelson (20W). It was the only
super typhoon of 1988. The tropical cyclone
initially moved westward towards the Philippine
Islands, then west-northwestward as it tracked
along the southwestern side of the subtropical




ridge. A break in the ridge northwest of Nelson
(20W) was identified and recurvature was
correctly forecast. Nelson (20W) rapidly
deepened for two days and reached super
typhoon intensity shortly before recurvature. It
then recurved and threatened Okinawa. Later,
as the system became extratropical and
accelerated toward the northeast, it also
threatened Japan. While Nelson (20W) was
weakening and accelerating, Typhoon Odessa
(21W) began as an area of convection
superimposed on broad low-level easterly
tradewinds 600 nm (1111 km) south-southeast
of Japan. During its first two days, Odessa
(21W) moved rapidly to the west-northwest at a
speed of 17 to 18 kt (32 to 33 km/hr). It began
a gradual recurvature and moved toward the
cooler, drier polar air mass from the Asian
continent. Initially, interaction with cold air
was expected to weaken the tropical cyclone.
Instead, Odessa (21W) intensified into a midget
typhoon, peaking at an intensity of 90 kt
(46 m/sec). At the same time Tropical Storm
Pat (22W) formed equatorward of 10° North
latitude. The system tracked westward and
attained a peak intensity of 75 kt (39 m/sec)
prior to making landfall over central Luzon. Pat
(22W) then moved west-northwestward across
the South China Sea, tracking over the island of
Hainan Dao and dissipating 30 nm (56 km)
northeast of Hanoi, Vietnam. As Pat (22W) was
winding down in the South China Sea, Typhoon
Ruby (23W) was intensifying in the Philippine
Sea. Ruby (23W) was the fifth tropical cyclone
to track across the Philippine Islands and the
third system to affect Vietnam in 1988. It
tracked in a west-northwestward direction
throughout its lifetime. The system reached a
peak intensity of 125 kt (64 m/sec) shortly
before making landfall in the Philippines. The
result was extensive damage and loss of life. In
the Philippines alone, at least 300 persons were
killed and over 470,000 were left homeless.

Ruby (23W) passed 65 nm (120 km) north-
northeast of Manila, causing the strongest winds
at Clark Air Base since 1978. Ruby (23W) then
tracked into the South China Sea. Later, flash
flooding from the dissipating system's torrential
rainshowers resulted in over 100 deaths,
hundreds of thousands homeless and
widespread destruction of crops in Vietnam.

NOVEMBER THROUGH DECEMBER

November marked a change in the
synoptic flow pattern as the northeast monsoon
became well established across the South China
Sea and southeastern Asia. Easterly tradewinds
dominated the Philippine Sea north of the near-
equatorial trough. After a one week respite,
Typhoon Skip (24W) appeared. It was a
"straight-runner” and covered over 2,000 nm
(3704 km) during its nine day lifetime. Skip
(24W) tracked through the Philippine Islands
and into the South China Sea. The system
caused widespread damage to crops in the
Philippines, killed over 100 persons and left
over 600,000 homeless. Typhoon Tess (25W)
formed in the near-equatorial trough before Skip
(24W), but was slow to intensify. It was the
only tropical cyclone to track across southern
Vietnam this year. After Skip (24W) and Tess
(25W), a break in tropical cyclone activity
occurred until the third week of December.
Following a massive outbreak of polar air from
Asia, the southern Philippine Sea filled with
convection and a near-equatorial trough formed.
Tropical Storm Val (26W), which developed in
the trough, proved difficult to position and hard
to forecast. While decelerating from 25 kt (46
km/hr), Val (26W) peaked at an intensity of 55
kt (28 m/sec). Finally, the low-level circulation
separated from the deep convection and was
carried to the southwest along the edge of the
winter monsoon.
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TYPHOON ROY (01W)

Typhoon Roy was the first significant
tropical cyclone of 1988 in the western North
Pacific. It formed as a "twin" (Figure 3-01-1)
with its southern hemisphere counterpart,
Tropical Cyclone O7P (Anne). During a period
of eleven days in January, Roy made a 4000 nm

-

(7408 km) westward trek, caused significant
damage on Kwajalein Atoll and the islands of
Guam and Rota, crossed the Philippine Islands
and dissipated over the South China Sea.
Typhoon Roy's close approach to Guam
resulted in the most destruction since Super

Figure 3-01-1. Typhoon Roy (01W) with its southern hemisphere counterpart,

Tropical Cyclone 07P (Anne) (081957Z January NOAA infrared imagery).
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Typhoon Pamela (1976).

Prior to tropical cyclone genesis, above
normal sea surface temperature anomalies and
greater than normal cloudiness persisted in the
central Pacific Ocean. Roy began in this area of
increased cloudiness southeast of the Marshall
Islands, with persistent convection first noted on
the Significant Tropical Weather Advisory at
060600Z. The suspect area was mirrored by
another area of persistent convection in the
southern hemisphere, which developed into
Tropical Cyclone O7P (Anne). A band of
anomalous low-level equatorial westerlies was
located between the two cloud systems.
Gradient-level wind reports from Tarawa
(WMO 91610) in the Kiribati Islands during
early January consistently indicated moderate
westerly winds. (Climatic windflow at Tarawa
for January is east-northeasterly at 12 kt (6
m/sec).)

By 7 January, Roy's cloud organization
had improved and JTWC issued a Tropical
Cyclone Formation Alert at 072000Z. Satellite
intensity technique estimates of 30 kt (15 m/sec)
combined with synoptic reports of 30 kt (15
m/sec) surface winds and a 997 mb surface
pressure from Majuro (WMO 91376) prompted
the issuance of the first warning on Tropical
Depression 01W at 080000Z. (Tropical Cyclone
07P (Anne) in the southern hemisphere reached
tropical storm intensity 12-hours earlier). As
Tropical Depression 01W moved north of
Majuro, the island experienced maximum
sustained winds of 35 kt (18 m/sec) with gusts to
45 kt (23 m/sec), and several buildings suffered
minor structural damage.

Satellite reconnaissance continued to
detect deepening of the system and Tropical
Depression 01W was upgraded to a tropical
storm at 080600Z. Roy (Figure 3-01-1) passed
35 nm (65 km) south of Kwajalein Atoll at
081800Z. Kwajalein Island (WMO 91366)
reported maximum sustained winds of 48 kt (25
m/sec) with a peak gust of 57 kt (29 m/sec), a
minimum sea-level pressure (MSLP) of 992 mb
and light-to-moderate structural damage. Ebeye
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gu:e~01-2. Roy (01W) near peak intens
January DMSP enhanced infrared imagery).

Island just 4 nm (7 km) to the north experienced
moderate-to-severe structural damage, one death
and loss estimates of five million dollars. Both
islands had 20 to 22 ft (6.1 to 6.7 m) surf and
low-lying areas were flooded. Using their
weather radar, meteorologists on Kwajalein
were the first to detect the formation of Roy's
eye at.081000Z. Later at 091200Z, a satellite
estimate of 65 kt (33 m/sec) resulted in the
upgrade to typhoon intensity.

While at a forward speed of 22 kt (41
km/hr) at 101200Z, Roy (Figure 3-01-2) reached
a peak intensity of 115 kt (59 m/sec) 510 nm
(945 km) east-southeast of Guam . The typhoon
was embedded in a moderate mid-tropospheric
east-southeasterly flow south of the subtropical
ridge axis, as indicated by aircraft reports at 500
mb (Figure 3-01-3). Then Typhoon Roy slowed
to 12 kt (22 km/hr) as it approached Guam
(Figure 3-01-3). Detachment 2, 20 Weather
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Figure 3-01-3. 100000Z January 500 mb streamline analysis with additional reports along the aircraft track to the north of Roy. The
aircraft reports are from point A (100057Z) to point B (100340Z).

Figure 3-01-5. 110838Z January digitized radar display of Roy's
rain shield. Note the island of Rota (call sign PGRO) lies
within the ragged eye. The call sign PGUA marks the location
of Andersen Air Force Base on Guam and PGSN the airfield on
Saipan (photo courtesy of MSgt Robert W. Yates and
Detachment 2, 20th Weather Squadron).

Figure 3-014. Spiral rainband echoes define the typhoon's
eye at 112310Z January 120 nm (222 km) east-southeast of
the radar site. The weather radar (at point A) is located at
Andersen Air Force Base on the northeastern tip of Guam
(photo courtesy of MSgt Robert W. Yates and Detachment 2,
20th Weather Squadron).
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50nm 100nm
Figure 3-01-6. At 110838Z January the Andersen Air Force Base
weather radar display paints 37,000 feet (11.3 km) rain echo tops
in the outer eye wall cloud. The radar retumns in the lower left of
the picture and closest to the radar site are attenuated due to
heavy rain (photo courtesy of MSgt Robert W. Yates and
Detachment 2, 20th Weather Squadron).

Base commissary on Guam.
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Squadron at Andersen Air Force Base on Guam
first detected the eye on radar at 111930Z
(Figure 3-01-4). These weather radar data were
instrumental in tracking Typhoon Roy's center,
as it made its closest point of approach (Figures
3-01-5 and 3-01-6) 32 nm (59 km) north of
Guam at 120930Z . Wind estimates near the
center were 110 kt (57 m/sec). However,
Andersen Air Force Base on the northeastern tip
of Guam measured maximum sustained winds
of 66 kt (34 m/sec) with peak gusts to 98 kt (50
m/sec) as the eye wall passed just to the north.
Buildings, particularly those on the northern
part of Guam, sustained light-to-moderate
structural damage (Figure 3-01-7). Crops and
vegetation on Guam suffered extensive damage,
with estimates of losses as high as 23.5 million
dollars. As a credit to the disaster preparedness
team, no severe injuries or loss of life were

Figure 3-01-7. Roy almost went on a shopping spree as indicated by the structural damage to the Andersen Air Force




Figure 3-01-8. Strong winds rearranged these parked
vehicles.

reported on Guam (Figure 3-01-8).

In comparison, the island of Rota, 40 nm
(74 km) north-northeast of Guam, suffered the
heaviest damage. At 120724Z, shortly before
eye passage, Rota's automated weather ob-
serving equipment reported maximum sustained
winds of 71 kt (37 m/sec) with peak gusts to 104
kt (54 m/sec). Because of apparent com-
munication problems, no further data were
received until the 120905Z report of 60 kt (31
m/sec) with gusts to 89 kt (46 m/sec).
Residents of Rota described the eye passage as a
marked lessening of wind speed and clearing
skies from 120730Z to 120810Z. Concurrently,
a microbarograph trace from the Naval
Oceanography Command Detachment, Agana,
located on central Guam indicated a minimum
sea-level pressure of 979 mb from 120800Z to
121000Z (Figure 3-01-9). A large percentage
of the homes on Rota were destroyed and the
remainder damaged. Four minor injuries were
reported, which resulted when a flying roof
impacted another building where people had
sought shelter. Numerous coconut trees were
downed and all crops destroyed. With an
estimated 95 percent of the utility poles knocked
down, lack of power and potable water
completely disrupted the community.

33

After moving through the southern
Marianas, Roy continued to slow. Earlier
analysis of 500 mb aircraft reports revealed a
mid-tropospheric anticyclone east of the
Philippine Islands with ridging extending to the
northeast of Roy's center. As Typhoon Roy
approached the Mariana Islands, it apparently
responded to the weaker mid-level steering flow
and decelerated. A weakness in the subtropical
ridge was located almost due north of Guam . It
was initially thought that Roy would weaken the
subtropical ridge and ultimately recurve.
However, this did not happen. Instead, the lower
tropospheric ridge built, as reflected by 700 mb
pressure-height rises at Iwo Jima (WMO 47971).
In turn the typhoon accelerated to the southwest.
(By this time, Roy's maximum sustained winds
had weakened to 90 kt (46 m/sec). This intensity
was maintained until reaching the mountainous
terrain of southern Luzon.)

At 141800Z, Roy returned to a more
westward course along the southern edge of the
subtropical ridge and increased its speed of 20 kt
(37 km/hr). From 160000Z to 170000Z, Roy
tracked across southern Luzon. The mountains
and increased vertical wind shear further

12/00Z 121122 13/00Z
11
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Figure 3-01-9. Microbarograph (pressure) trace of Typhoon
Roy (01W) recorded at the Naval Oceanography Command
Detachment, Agana, Guam indicates a minimum sea-level
pressure of 979 mb from 120800Z to 121000Z January.

weakened Roy from 75 kt (39 m/sec) to 40 kt
(21 m/sec). Once in the South China Sea, Roy's
interaction with the low-level northeasterly flow




of the winter monsoon spawned gales, but tropical depression and the final warning
dissipation was imminent. At 171200Z, followed at 180000Z.
Tropical Storm Roy was downgraded to a
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TYPHOON SUSAN (02W)

Susan was a short-lived typhoon with
maximum sustained winds of 75 kt (39 m/sec).
Slow to exit the the South China Sea, it
threatened the southeast of coast of China, then
churned across the southern tip of Taiwan and
rapidly weakened.

The synoptic pattern during the fourth
week of May was anomalous with low-level
southwesteries extending across the northern
Philippine Sea into the northern Marianas and
southern Bonin Islands (Figure 3-02-1).
Surface pressures in the monsoonal trough, that
was north of this southwesterly flow, were 4 to
5 mb below normal. Cyclonic vortices that
formed in the trough were transitory until 28
May when a persistent circulation formed off

E 115 120 125 130

135

the northwest coast of Luzon (see Figure 3-02-
2). Initially the cenvection was displaced
equatorward of the the low-level circulation
center by vertical wind shear, but within a day
the cloudiness became more centralized. The
cloud system as a whole then appeared to
isolate itself from the surrounding zone of
maximum cloudiness. The Significant Tropical
Weather Advisory was reissued at 2902007
May to include this suspect monsoon
depression. Although the upper-level outflow
was restricted in the north and west, the amount
of central convection and organization
continued to increase, prompting JTWC to issue
a Tropical Cyclone Formation Alert at 3002002
May. The first warning on Tropical Storm
Susan at 300600Z followed from a satellite
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Figure 3-02-1. Surface/gradient analysis (260000Z May) shows
China Sea.

the anomalous southwesterly flow extending eastward from the South
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analysis wind estimate of 45 kt (23 m/sec).

At warning time Susan's initial position
was 65 nm (120 km) west of northern Luzon.
Past movement had been erratic because the
low-level circulation was located within the
larger monsoonal trough. For forecast
movement the tropical cyclone was near the
axis of the subtropical ridge and recurvature
was favored by the Typhoon Acceleration
Prediction Technique (TAPT) (Weir, 1982).
However, TAPT guidance identified the 200 mb
northwesterly flow as unfavorable for rapid
acceleration. The initial track forecasts were
correct based on this guidance and Susan
recurved and moved slowly to the northeast.

Susan intensified rapidtly after
recurvature. At 310600Z Susan was upgradea
to a typhoon based upon satellite intensity
estimates. The sustained winds increased to 75
kt (39 m/sec) at 010600Z June (see Figure 3-02-
3). Now packing its most dangerous winds,

i Figure 3-02-2. Susanasa l:ropal disturbance (280055Z May DMSP visual imagexy‘ .

a :

 F Ao y 3
Figure 3-02-3. Typhoon Susan at maximum intensity in
the Luzon Strait (011109Z June DMSP infrared imagery:.
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Susan accelerated towards the northeast and the
southern tip of Taiwan. Aloft, a mid-level
trough in the polar westerlies was advancing
across eastern China. The trough became more
meridional as it approached Susan. A
combination of acceleration along-track, terrain
effects (induced by the rugged mountains of
Taiwan) and increasing vertical shear stripped
away Susan's deep central convection, leaving
behind an exposed low-level circulation center
(Figure 3-02-4). The typhoon was downgraded
to tropical storm intensity at 021200Z and
further to a tropical depression at 030000Z.
The final warning was issued at 030600Z.
Twelve hours later the residual low-level vortex
was no longer discernible on satellite imagery
or in the synoptic data.

In retrospect, the majority of the damage

Figure 3-02-4. The residual exposed low-level circulation of Tropical Depression 02W (Susan)‘(030057Z‘June DMS

visual imagery).

to the island of Luzon, Republic of the
Philippines resulted from heavy rains, not
winds. A landslide triggered by these rains in
Olongapo City, 50 nm (93 km) northwest of
Manila, led to one death. In Manila another
landslide killed five people. Flooding closed
the main roads in Manila, disrupted travel and
caused the loss of millions of prawns and
lobsters from fishponds. Also, a tornado
destroyed 18 homes outside of Manila.

Although Susan passed about 10 nm (18
km) south of the island of Okinawa, Japan at
022200Z, the system had rapidly weakened and
the peak wind recorded at Kadena Air Base was
41 kt (21 m/sec) with 47 kt (24 m/sec) at Naha.
No deaths or injuries were reported by
authorities on Okinawa. No reports of damage
were received from Taiwan.
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TROPICAL DEPRESSION 03W

On 3 June the remains of Typhoon
Susan (02W) sped northeastward and left
behind the low-level southwest monsoonal flow
which terminated abruptly in the northwestern
Philippine Sea. Within a day the enhanced
couvection in the northwestern Philippine Sea
acquired convective banding and cyclonic
rotation. A Tropical Cyclone Formation Alert
documented this event at 040200Z. The

convection consolidated near the low-level
circulation center and the first warning on
Tropical Depression 03W followed at 040600Z
based on a satellite intensity estimate of 30 kt
(15 m/sec) surface winds. The satellite imagery
(Figure 3-03-1) shows Tropical Depression
03W near its maximum intensity of 30 kt (15
my/sec).

TAIWAN

. .
Figure 3-03-1. Tropical Depression 03W near peak intensity (040037Z June DMSP
visual data).
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Shortly after the first warning was
issued, the central convection collapsed and
further intensification ceased. In Figure 3-03-2
note that the system center is basically free of
deep convection with only remnants of high
cloud debris evident. The banding feature is
displaced to the south and east. The next

TAIWAN

MANILA

Figure 3-03-2. Only high-level cloud debris are in evidence ov’et the center of the

daytime visual imagery (Figure 3-03-3) reveals
low-level stratiform cloudiness filling the
center. The deep convection is well removed
from the center with the exception of one
transitory cumulonimbus. The final waming
was issued on 051200Z June, when it became
apparent that the system was dissipating.

low-level circulation (041318Z June DMSP infrared imagery).




In retrospect Tropical Depression 03W's
failure to mature and achieve tropical storm
intensity may be related to its track. In contrast
to Typhoon Susan (02W), which travcled
northeastward along a zone of increased
cloudiness, Tropical Depression 03W took a
west-northwesterly track into the cloud
minimum area that had settled across
southeastern China and the northern South
China Sea. Bao (1981) developed a hypothesis

*

June NOAA visual imagery).

. & & ) ' '
Figure 3-03-3. Stratiform low-level cloudiness fills the center of TD 03W (042302Z

for forecasting typhoon movement based on
satellite observed cloudiness which suggested
that tropical cyclones move into, or along, areas
of preexisting enhanced cloudiness - or
conversely, tropical cyclones don't move into
areas of minimum cloudiness. If they do, there
is a price. Unless the tropical cyclone is large
enough to modify ...c ambient environment,
which is unfavorable, dissipation will result.
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TYPHOON THAD (04W)

Thad was the second of three tropical
cyclones to develop during June and the third
typhoon of 1988. Typhoon Thad tracked over
2000 nm (3704 km) during its lifetime, recurved
just east of the island of Luzon in the Republic
of the Philippines and passed 80 nm (148 km)
southeast of the island of Okinawa, Japan
before dissipating over water. The recurvature
forecast was complicated by a complex
interaction of the tropical cyclone with upper-
level synoptic features.

After Tropical Depression 03W
dissipated during the first week of June, there
was a two week hiatus in tropical cyclone
activity in the western North Pacific and low-

level westerly flow established itself across the
southern Philippine Sea. Thad began in the
zone of increased cyclonic shear between this
westerly flow and the easterly tradewinds 300
nm (556 km) south of Ulithi Atoll in the
western Caroline Islands. The disturbance was
first mentioned on the Significant Tropical
Weather Advisory at 180600Z. Initially Thad's
intensification .may have been slowed by
increased upper-level wind shear across the
system, caused by the unfavorable location of
an intense Tropical Upper-Tropospheric Trough
(TUTT) low to its northeast. However, as the
disturbance's central convection consolidated,
the separation between Thad's upper-level
circulation center and the TUTT low lessened.

Figure 3.04-1. Thad, shortly before reaching tropical storm intensity. Note the

1

vigorous TUTT cell (at A) to the northeast of the tropical disturbance (191914Z

June NOAA infrared imagery).
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The system's upper-level outflow pattern
improved and a Tropical Cyclone Formation
Alert followed at 190800Z (Figure 3-04-1). At
200000Z, satellite intensity analysis indicated a
T-number of 2.5, corresponding to maximum
sustained surface winds of 35 kt (18 m/sec)
(Figure 3-04-2) and the Alert was upgraded to
Tropical Storm Thad.

/
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NOAA visual imagery).

Figure 3-04-2. Thad intensifies as it approaches the island of Luzon (212128Z June

Throughout this period of gradual
intensification, Thad was embedded in the flow
south of the lower tropospheric subtropical
ridge axis and moved northwestward, except
for one excursion - the "stair-step” jog in the
track from 200000Z to 201800Z. Afterward,
Thad continued to track northwestward,
intensifying for two more days, until reaching
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the westernmost end of the subtropical ridge
where it began to recurve at 221800Z. The
system reached its peak intensity and was
upgraded to typhoon intensity at 220600Z,
based on a satellite intensity estimate of 70 kt
(36 m/sec) (Figure 3-04-3). Thad then
developed a central cold cover (Dvorak, 1984)
and further development was arrested.

At 221800Z, Typhoon Thad recurved in
response to the approaching mid-level trough in
the westerlies aloft over eastern China. The
forecast for this event was complicated by the
failure of JTWC's dynamic forecast aid, the One
Way (Interactive) Tropical Cyclone Model
(OTCM), to change from a persistent
northwestward track (Figure 3-04-3). At
231200Z, the decision was made to disregard
the objective forecast guidance and forecast
recurvature based on synoptic data analyses.

This decision was correct, but in retrospect, the
timing was 18-hours late.

From 240000Z to 250000Z, Thad
underwent rapid weakening as it tracked to the
northeast and entered a region of increased
vertical wind shear. At 240000Z, Typhoon
Thad was downgraded to tropical siorm
intensity and six hours later the system
weakened to a 50 kt (26 m/sec) intensity as it
made a closest point of approach of 80 nm (148
km) southeast of the island of Okinawa, Japan.
Both Kadena Air Base and Naha airport
reported wind speeds below 30 kt (15 m/sec)
during Thad's passage. With dissipation over
water underway, Thad was downgraded to a
tropical depression at 250000Z and the final
warning issued. No reports of damage were
received.
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Figure 3-04-3. OTCM forecast guidance (dashed lines) from 210000Z
to the point of recurvature at 221800Z basically held Thad to a
northwestward track through each 72-hour period, in contrast to the

best track (solid line).
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TROPICAL STORM VANESSA (05W)

The third of three significant tropical
cyclones to develop during the month of June,
Vanessa was the first "straight-runner” of the
year in the western North Pacific. It tracked
across the Philippine Islands and into the South
China Sea before dissipating over southern
China.

As Thad (04W) moved northeastward
and weakened over the Philippine Sea east of
the island of Okinawa, Vanessa was first
detected at 241200Z by satellite imagery
analysts 125 nm (232 km) east of Koror in the
western Caroline Islands. A flare-up of
convection at 241800Z resulted in an increase in
high clouds. The upper-level outflow began to
show organization (Figure 3-05-1). At
250600Z, the tropical disturbance was described
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on JTWC's Significant Tropical Weather
Advisory as an area of persistent convection 55
nm (102 km) southeast of Koror. Synoptic data
indicated a well organized low-level circulation
embedded in the near-equatorial trough.
Satellite imagery revealed a Tropical Upper-
Tropospheric Trough (TUTT) low located 250
nm (463 km) northeast of the disturbance's low-
level circulation. The upper-level cold low
interrupted the disturbance's upper-level
outflow in its northeast quadrant. At 260440Z,
a Tropical Cyclone Formation Alert was issued
when satellite imagery revealed increased
convection. The TUTT low had weakened and
passed north of the low-level circulation,
resulting in divergent upper-level flow across
the disturbance.
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Figure 3-05-1. Vanessa as a lmp:cal dxsturbance (2500282 June DMSP visual unagery)
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The first warning followed at 261200Z,
when the tropical disturbance was upgraded to
Tropical Depression 05W, based on continued
improvement in the system's organization and
convection. Satellite intensity analysis
indicated surface wind speeds of 30 to 35 kt (15
to 18 m/sec). The system continued to
intensify. At 270000Z, Vanessa (Figure 3-05-2)
was again upgraded, this time to a tropical
storm, based on a satellite intensity analysis of

*

NRY Y. AN
Figure 3-05-2. Nearing peak intensity, Vanessa approaches the central Phi
Islands (270130Z June DMSP visual imagery).

35 kt (18 m/sec) surface winds. With winds of
45 kt (28 m/sec), Vanessa made landfall over
the Republic of the Philippines, at 270600Z,
between the islands of Samar ard Mindanao.

The tropical cyclone tracked rapidly
across the central Philippine Islands, as a weak
tropical storm, and entered the South China Sea
at 280200Z. Vanessa continued its rapid
movement as it tracked across the South China

VANESSA' * V.
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Sea. Despite increased vertical wind shear,
Vanessa tenaciously resisted weakening until
290000Z. Over the next six hours, the deep
convection was stripped away from the low-
level circulation center (Figure 3-05-3) and the
final warning followed at 290600Z. Vanessa

Figure 3-05-3. Vanessa's exposed low-level circulation, shortly before the sg;stctn'

made landfall just west of Macao on the south
coast of China at 290800Z. Nearby land
stations reported 35 kt (18 m/sec) maximum
surface winds. No reports of major damage
were received.

made landfall near Macao (290802Z June NOAA visual imagery).
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TYPHOON WARREN (06W)

Typhoon Warren was the first of two
significant tropical cyclones to develop during
the month of July, and the fourth tropical
cyclone of the year to reach typhoon intensity.
Warren was a "straight-runner” and maintained
a west-northwestward direction of movement
during almost its entire life span.

The tropical disturbance that eventually
developed into Typhoon Warren was first
mentioned on the Significant Tropical Weather
Advisory at 110600Z. The suspect area had
persisted as a poorly organized area of
convection for 12-hours in the eastern Caroline
Islands. Its potential for further development
was assessed as "poor.” However, better
convective organization and improved upper-
level outflow raised the potential for
development into a significant tropical cyclone
to "fair” and JTWC reissued the Advisory at
111230Z. Increased convection prompted a
Tropical Cyclone Formation Alert at 120530Z.
The system was now 180 nm (333 km)
southeast of Guam and headed for the island.
Satellite intensity analysis estimated sustained
surface winds of 25 kt (13 m/sec).

The appearance of a central dense
overcast (CDO) on the 121237Z satellite
imagery led the satellite analyst to increase the
intensity estimate of surface winds to 30 kt (15
m/sec). From 121200Z to 121500Z, the
system's CDO increased in size. Because of the
disturbance's steady development and its
proximity to Guam, JTWC issued an
abbreviated warning for the tropical depression
at 121600Z: the detailed warning followed at
121800Z. The center of the system passed 55
nm (102 km) to the south of Guam at 130000Z.

After returning to a more westerly track,
Tropical Depression 06W was upgraded to
Tropical Storm Warren at 130600Z. (Post-
analysis showed that Warren probably attained
tropical storm intensity earlier at 130000Z.) At
141800Z, Warren reached typhoon intensity.
This intensification process continued and

peaked at 115 kt (58 m/sec) in the Philippine
Sea 300 nm (556 km) east of Luzon (Figure 3-
06-1). During this same two day period as the
winds doubled in intensity, Warren also doubled
its forward speed to 15 kt (28 km/hr).

While Warren tracked across the
Philippine Sea, the One Way (Interactive)
Tropical Cyclone Model (OTCM) outlook
began to take the track northward into the
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Figure 3-06-1. Typhoon Warren at peak intensity (1
July NOAA infrared imagery).
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Figure 3-06-2. A comparison of OTCM 72-hour guidance with JTWC's best track.
Note OTCM's systematic strong northward bias.
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Figure 3-06-3. Seventy-t\yo hour forecasts tended to be north of the best track
and more conservative tharj the OTCM guidance.
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subtropical ridge. OTCM is JTWC's oper-
ational dynamic aid and in general provides the
best performance of all the objective aids. This
numerical guidance moved Warren north and
east of the island of Taiwan and eventually
suggested recurvature within 48- to 72-hours
(Figure 3-06-2). However, JTWC's synoptic
data analyses and mid-level prognoses
maintained the subtropical ridge to the north.
This was reinforced by satellite observed
persistent minimum cloudiness, which was
associated with subsidence and ridging, to the
north of Warren. Consequently, recurvature was
not forecast (Figure 3-06-3).

From 171800Z to 180000Z, Typhoon
Warren weakened as it skirted the northern
coast of Luzon with damage to rice and corn
crops in northern Luzon estimated to be $10

million.

After its brush with Luzon, the tropical
cyclone maintained typhoon intensity until
making landfall at 190600Z (Figure 3-06-4)
near the city of Shantou in southeastern China.
China's official media reported 17 killed and
153 injured by Warren. Additionally, in the
province of Guangdong in southeastern China,
over 13,000 homes were destroyed and over
150,000 homes damaged. At 200000Z, JTWC
issued its final warning on Tropical Storm
Warren with the system well inland and
northwest of Hong Kong. The remnants of
Warren's low-level circulation continued
tracking across southern China for another day
before merging with a weak summer front,
enhancing cloudiness and precipitation.

Figure 3-06-4: Tropical Storm Warren after making l.';\r’ldfall (190745Z July NOAA
visual imagery).
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TROPICAL STORM AGNES (07W)

Agnes was of note in several respects. It
was the second of only two tropical cyclones to
develop in July, a month that normally averages
five. It played a part in the major shift of the
synoptic pattern in the western North Pacific in
the latter part of July and later became a small,
but vigorous, extratropical cyclone.

As Typhoon Warren (06W) moved into
southern China on 19 July, lower tropospheric
ridging and fair weather prevailed over eastern
China and the Philippine Sea. Once Warren

E110 1S 120 125 130
4

(06W) dissipated, the monsoon trough, instead
of maintaining its climatological position across
the northern Philippine Islands and southern
Philippine Sea, remained over Asia. Southeast
of Japan, an area of disturbed weather with
lower than normal sea-level pressures and
enhanced convection generated in the lower
tropospheric troughing (Figure 3-07-1). By 27
July, a closed circulation and supporting
southwesterly monsoonal flow at 700 mb had
developed along this trough (Figure 3-07-2).
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Figure 3-07-1. 700 mb analysis at 190000Z July with Typhoon Warren
(06W)(point W) and troughing (line X to X') southeast of Japan.
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Figure 3-07-2. 270000Z July 700 mb analysis with a closed cyclonic circulation
(at point X) and deep west-southwesterly monsocnal flc w.

57




At first, Agnes appeared as a monsoon
depression with a low-level cyclonic circulation
and deep convection displaced to the south by
vertical shear aloft. This was discussed in the
Significant Tropical Weather Advisory at
260600Z. The suspect area drifted southeast-
ward in the trough and had a poor potential for
development into a significant tropical cyclone
due to the unfavorable vertical wind shear of 35
kt (18 m/sec.) When the vertical wind shear
dropped to 20 kt (10 m/sec) at 280600Z and
satellite imagery indicated increased upper-level
outflow and deep convection, the system's
potential for significant development was
upgraded to "fair". A Tropical Cyclone
Formation Alert was issued at 281500Z based
on a satellite intensity estimate of 25 kt (13
m/sec). The continued increase in the system's
deep convection and overall organization led to
the first warning at 290000Z.

Figure 3-07-3. Agnes, shortly before reachif;g its peak intensity (292023Z July DMSP visual imagery).
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Initially, Agnes was forecast to intensify,
separate from the monsoon trough and track to
the northwest. However, the monsoon trough,
which was farther north than normal, merged
with a mid-latitude low pressure system to the
northeast of Japan. Agnes followed the path of
least resistance and accelerated to the north-
northeast along this trough axis. The tropical
cyclone was upgraded to tropical storm
intensity at 291200Z and reached its peak
intensity (Figure 3-07-3) of 45 kt (23 m/sec) 12-
hours later. The loss of persistent central
convection at 301200Z resulted in the issuance
of the final warning at 301800Z.

Unfavorable vertical shear from the
strong southwesterlies aloft increased and
Agnes (Figure 3-07-4) accelerated north-
northeastward at more than 30 kt (56 km/hr).

Although the system appeared to be
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extratropical at 310000Z, ships in the right front
quadrant (relative to the forward motion) of this
hybrid system reported maximum sustained
surface winds of 60 kt (31 my/sec) at 310600Z
and 50 kt (26 m/sec) at 311200Z. Herbert and
Poteat (1975) address this type of system, or
subtropical cyclone, where translational speeds
greater than 20 kt (37 km/hr) are added to the

Figure 3-07-4. The remnants of Tropical Storm Agnes during transition into an

intensity estimate determined from the cloud
signature. Even though the final warning was
issued when the system was at 32 degrees
North, Agnes stubbornly maintained some of its
tropical characteristics well into the mid-
latitudes. No reports of casualties or damages
were received.

extratropical system (301829Z July NOAA infrared imagery).
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TROPICAL STORM BILL (08W)

Tropical Storm Bill was the first of five
tropical cyclones to develop during the month
of August. It formed in the Philippine Sea,
brushed by the island of Okinawa and reached a
peak intensity of 45 kt (23 m/sec) before
making landfall near Shanghai. Bill remained
well organized over China, causing widespread
destruction and loss of life. It exemplifies the
serious impact that is possible from a system of

tropical storm intensity that doesn't dissipate
rapidly after moving over land.

On the first day of August the monsoon
trough (Figure 3-08-1) stretched from the Gulf
of Tonkin across the South China Sea to the
Luzon Strait and extended northeastward along
the Japanese Islands. By 5 August (Figure 3-
08-2) this synopiic feature had undergone a
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Figure 3-08-1. The 010000Z August 925 mb winds and streamlines show the monsoon
rough extending across the South China Sea and northeastward.
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Figure 3-08-2. The 925 mb winds and streamlines for 051200Z, when compared with
Figure 3-08-1, reveal the shift of the monsoon trough into China and its abrupt termination
near the island of Okinawa, Japan.
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major readjustment. Now it was oriented west-
to-east over southern China and terminated
abruptly near the island of Okinawa, Japan.
Excess relative cyclonic vorticity, low-level
convergence and associated enhanced
convection persisted near the eastern end of the
trough. With the environment favorable for
tropical cyclogenesis, Bill rapidly consolidated

)

August DMSP visual imagery).

.Figure 3-08-3. Bill as a tropical disturbance south of the island of Okinawa (060009Z

and at 050430Z the first Tropical Cyclone
Formation Alert was issued on the system.
Early on 6 August the cloudiness associated
with the tropical disturbance (Figure 3-08-3)
separated from the maximum cloud zone. As
the tropical cyclone moved away from the axis
of the monsoon trough, it came under the
steering influence of the subtropical ridge to the




northeast. The track, which was initially to the
north, became northwestward. Consolidation
continued, but the pace slowed, and at 060330Z
a second Alert was issued. The center of the
low-level circulation passed just southwest of
the southern tip of Okinawa at 061500Z.
Kadena Air Base (WMO 47931) reported a
minimum sea-level pressure of 997 mb,
sustained surface winds of 20 kt (10 m/sec) and
a peak surface gust of 40 kt (21 m/sec). Earlier,
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Kadena's 061200Z upper-air sounding ind-
icated a layer between the 875 mb and 550 mb
levels of 35 to 40 kt (18 to 21 m/sec) winds,
which supported the peak gusts.

Slow intensification progressed and the
first warning (070000Z) on Tropical Storm Bill
followed a satellite intensity estimate of 35 kt
(18 m/sec) (Figure 3-08-4). At 070600Z, Bill
reached a peak intensity of 45 kt (23 m/sec) and

Figure 3-08-4. Bill, shortly after being upgraded to ropical storm intensity (070131Z

August DMSP visual imagery).




sustained it until making landfall 120 nm (222 Bill's slow dissipation resulted in

km) south of Shanghai. extensive damage and loss of life in China.
Torrential rains led to widespread flooding and
Once overland, instead of rapidly local topographic effects may have produced
dissipating, Bill retained its convection and wind gusts as high as 70 kt (35 m/sec). When it
organization (Figure 3-08-5). At 080000Z, the was all over, at least 110 people had perished
intensity was downgraded to a tropical and numerous bridges, dams and watercraft
depression and the final waming issued. The were damaged or destroyed. News releases
remains of this cloud system tracked to the from China reported "the worst economic loss
northwest and could still be identified on from a storm in 30 years."

satellite imagery two days later.
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Figure 3-08-5. Tropical Storm Bill continued to be a very well organized system,

despite having already been over land for several hours (072156Z August DMSP
visual irhagery).
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TROPICAL STORM CLARA (09W)

Tropical Storm Clara was the second of
five significant tropical cyclones to develop
during August. Although hindered by vertical
wind shear, Clara proved to be very persistent.
Even after the central deep convection was
stripped away and the final warning issued, the
residual cyclonic vorticity could be identified
four days later as a spiral of low-level
stratocumulus on the satellite imagery.

Clara was originally detected on satellite

imagery as an area of weakly organized
convection about 540 nm (1,000 km) north of

x -

Figure 3-09-1. Tropical Storm Clara, shortly after the first warmning (102201Z August
NOAA visual imagery).

Wake Island and it was mentioned on the
Significant Tropical Weather Advisory on
070600Z August.  Easterly flow along the
southern edge of the subtropical ridge steered
the disturbance westward. Over the next 16-
hours the convection persisted and became more
organized. The satellite intensity analysis at
072126Z indicated a shearing-type cloud pattern
with sustained surface winds of 30 kt (15 m/sec)
and an exposed low-level circulation defined by
cumulus lines spiraling inwards. The first
Tropical Cyclone Formation Alert followed at
072330Z. A second Alert was issued at

N




081600Z for procedural, not meteorological,
reasons. However, the disturbance experienced
stronger vertical wind shear, and its deep
convection was displaced more than 90 nm (167
km) north of the circulation center. Based on
this, the second Alert was canceled at 090600Z.

Increased central convection on 10
August and an evaluation of satellite imagery
and synoptic data, which indicated 20 to 30 kt
(10 to 15 m/sec) sustained surface winds,
resulted in a third Alert at 100100Z. As the
disturbance continued to move westward, its
upper-level outflow improved and its central
convection increased. The first warning on

MINAMI
TORI-SHIMA

Figure 3-09-2. v Clara near intensity (110513Z August NOAA visual imagery).

Tropical Storm Clara was issued at 101915Z.
Sustained surface winds at that time were
estimated to be 35 kt (18 m/sec) (Figure 3-09-
1). Due to the close proximity to regions of
stronger vertical wind shear, Clara was not
forecast to intensify beyond the 40 to 45 kt (21
to 23 m/sec) range.

As ridging to the west increased, Clara
made a small counterclockwise loop while
maintaining its 35 kt (18 m/sec) intensity.
Clara reached a peak intensity of 45 kt (23
m/sec) at 110000Z and began moving
northeastward (Figure 3-09-2) at 110600Z.
Analysis of satellite imagery on 12 August

e




indicated Clara had weakened to 30 kt (15
m/sec) sustained surface winds as its main
convection was displaced southeast of the low-
level circulation center. The final warning on
the system was issued at 120000Z. The
remnants of Clara tracked northward,
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northwestward and, then again, northward for
the next four days in response to steering flow
around the subtropical ridge to its east. By 16
August, the remains of the system were no
longer identifiable. No damage reports relating
to Clara were received.
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TYPHOON DOYLE (10W)

Typhoon Doyle was the third of five
tropical cyclones and the first of two typhoons
to occur in the western North Pacific during
August. In keeping with the aclimatological
trend for the month, Doyle was no exception. It
formed north of 20 degrees North latitude,
moved south-southwestward and looped before
tracking to the northeast.

On 12 August, as Tropical Storm Clara
(09W) moved northward and weakened, a
portion of the Central Pacific high moved in
from the east to fill the void. The high pushed
southwestward across the dateline. During the
adjustment process, a low-level cloud vortex

appeared along the leading edge of the flow and
west of the remnants of Hurricane Fabio (08E).
The unusual south-southwestward track of this
vortex appeared to be related to the steering
provided by a lower-tropospheric anticyclone to
the north. The Significant Tropical Weather
Advisory at 130600Z mentioned the vortex
when deep convection became associated with
the low-level cyclonic circulation. Throughout
the night of the 13th and early morning hours of
the 14th, the convection became centralized.
This prompted a Tropical Cyclone Formation
Alert at 140130Z. Visual and infrared imagery
(Figure 3-10-1) at 140743Z implied a well
developed low-level inflow. About this time

.

.

Figure 3-10-1. Satellite imagery of the suspect area (Doyle). Low-level circulation is i.nplied by the lines of cumulus surrounding the
center. {he left picture is visual and the right is enhanced infrared (1407437 August DMSP visual and infrared imagery).




the system (Doyle) executed a small
counterclockwise loop and began tracking west-
northwestward. The potential for the system to
develop remained good and a second Tropical
Cyclone Formation Alert was issued at
150130Z.

The satellite intensity estimate of 40 kt
(21 m/sec) maximum surface winds was
followed at 151200Z by the first warning, when
the system was 96 nm (178 km) east-northeast
of Wake Island. For the 24-hour period from

151800Z to 161800Z (Figure 3-10-2) the
intensity increased from S0 to 115 kt (26 to 59
m/sec). This was the equivalent of a sixty
millibar pressure fall and met the criteria
(Dunnavan, 1981) for explosive deepening.
Although Doyle, which was close to becoming
a compact typhoon, passed 55 nm (102 km)
north of Wake Island (WMOQO 91245) at
1521002, the island only experienced gusts to
40 kt (21 m/sec). As a result, the low-lying
island incurred only minor damage.
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Figii. ?-10-2. Time/intensity comparison of satellite intensity estimates for the Guam satellite site and the
best track. Notice the extended period of explosive deepening of 30 mb/12-hours from 151800Z (point A)

to 161800Z (point B).
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Nearing the western periphery of the
mid-level subtropical ridge, Doyle peaked in
intensity at 161800Z (Figure 3-10-3) and
assumed a northward track at 170000Z. To
complicate the track forecasts, a TUTT cell
stalled, then appeared to dissipate to the north.
The main effect of the TUTT cell was to shield
the tropical cyclone from strong mid- and
upper-level westerlies. As a result, expected
acceleration along the track didn't take place
and Doyle's speed was never greater than 12 kt
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Figure 3-10-3. Satellite imagery of Thoon Doyle at maximum
(37 10 57 km) in diameter (162212Z August DMSP visual imagery).

(22 km/hr). Doyle's track followed lower
pressures and heights present between the
subtropical ridge to the southeast and another
high cell to the northwest centered near 42°
North latitude.

After gradual weakening, Doyle was
forecast to become extratropical as the
convection began to move into the northeast
semicircle at 180900Z. However, some central
convection remained until 22 August. Doyle
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intensity. The medium sized eye ranged from 20 to 30 nm




dissipated over colder water as the system
slowed and moved northeastward.

Doyle fell into the "other" track category
for several reasons: rapid south-southwestward
movement for 24-hours, looping and interaction
with a TUTT cell while at typhoon intensity.
Normally, tropical cyclone objective forecast
guidance does not perform well for aclimatic

E 155 160

systems. Figure 3-10-4 compares the final best
track and the performance of the two best
performing aids, CSUM and OTCM, up to the
major track change at 170000Z. Although
OTCM had the lowest mean forecast errors at
72-hours of all the aids, it was slow in catching
the major track change to the northeast. CSUM
had the same problem predicting this track
change.

N 3§ —

N20

165 170 E
¢—46BEST TRACK
OTCM ~---CSUM
A = 18/12Z a = 18/12%Z
B = 18/18Z b = 18/182
C = 19/00Z c = 19/002
D = 19/06Z2 d = 19/062
E = N/A e = N/A
F = N/A f = 19/182
G = 20/00Z g = 20/002

Figure 3-10-4. Graphical display of selected objective aids performance (OTCM and CSUM).
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TROPICAL STORM ELSIE (11W) AND TYPHOON FABIAN (12W)

Elsie and Fabian were the last of five
significant tropical cyclones to develop in
August. They both initially displayed erratic
movement as immature systems within the
larger monsoon trough, interacted as a binary
pair (Brand, 1968) and, later, became
extratropical.

Both systems were fiist detected on 24
August and mentioned on the Significant
Tropical Weather Advisory as areas of
persistent convection in the monsoon trough,
that was anomalously far north and extended
southeastward from Japan. Typical of formative
vortices in the larger monsoon trough, their
tracks were less than straight forward. Fabian's
track wobbled around until 28 August, when it

sped off towards the east on a possible collision
course with Elsie. In the interim, Fabian
required three Tropical Cyclone Formation
Alerts: the first at 271430Z based on a 30 kt (15
m/sec) satellite estimate of surface winds, a
second at 281430Z and the third at 291230Z
when the tropical disturbance retained its
potential for development and failed to weaken.
Finally, Fabian's convection consolidated
(Figure 3-11/12-1), resulting in a satellits
intensity estimate of 45 kt (23 m/sec) and the
first warning at 300000Z.

In the meantime, Elsie, which was lo-
cated at the southeastern end of the monsoon
trough, was in an area of stronger low-level
convergence and associated cloudiness, but

MINAM] ‘
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Figure 3-11/12-1. Fabian at tropical storm intensity is on the left. Tropical Storm Elsie is on the right (301140Z August

DMSP visual imagery).
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suffered from lack of central convection. Better
organization at 280600Z with estimated surface
winds of 30 kt (15 m/sec) from the satellite
analysis led to a Tropical Cyclone Formation
Alert at 280900Z. The first warning followed at
281200Z based on satellite intensity estimates
of 35 kt (18 m/sec). At this point Elsie's course,
which had been southeastward, abruptly
changed to northeastward. As a consequence,
the monsoon trough also began to shift
northward. This reorientation of the trough axis
is the most probable explanation for Fabian's
unusual track to the east.

K 145 150 155 160 E
| L l I

N 40 —

25 A

N20

Figure 3-11/12-3. For the period 281200Z August to 010000Z September the
plotted positions of Elsie and Fabian relative to the midpouiii (reference Figure

3-11/12-2) at point C describe the motion of this binary system.

At 281200Z, Elsie and Fabian were
separated by 1070 nm (1982 km). The two
systems closed on each other until only a 400
nm (741 km) separation remained three days
later. Figure 3-11/12-2 shows the two best
tracks with the locus of midpoints (point A to
point B) between each system at six hourly
intervals. Plotting the locus of midpoints at one
point (C) in Figure 3-11/12-3 and replotting the
relative locations of Elsie and Fabian, the
cyclonic motion of the binaries (Dong and
Neumann, 1983) is captured.

Figure 3-11/12-2. Tracks for Elsie and Fabian for the period
281200Z August to 010000Z September. For each respective six
hourly position for the two systems a midpoint is plotted. The locus
of these midpoints stretches from point A to point B.
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While this interaction was taking place,
Elsie's convection weakened and the forecast
intensity estimate dropped below 35 kt (18
m/sec). This prompted an am.ndment of the
291800Z warning, which had called for
dissipation in 48-hours over water with remarks
that “"signs for regeneration would be
monitored.” It appears that Elsie stabilized as a
weak tropical storm and assumed a track to the
northwest. The remnants of Elsie were not
expected to flare up again due to the binary
interaction with Fabian, which reduced the
separation between the two and increased the
vertical wind shear across Elsie from Fabian's

MINAMI- . -
TORI-SHIMA

Figure 3-11/12-4. The remnants of Elsie, on the right, undergo a rapid reorganization. The second Tropical Cyclone

outflow. However, the central convection
returned (Figure 3-11/12-4) and a Tropical
Cyclone Formation Alert - the second for Elsie -
was issued at 302300Z. Elsie's compact
reorganization resisted the unfavorable
conditions aloft and the Alert was almost
immediately upgraded to a regenerated tropical
storm at 310000Z.

Once Elsie was past the closest point of
approach to Fabian, it changed course to the
northeast, accelerated and rapidly became
extratropical. The final warning - the second
for Elsie - was issued at 311800Z. In contrast,

ELSIE ¥

Formation Alert was issued upon receipt of this picture. Fabian is to the left of Eisie (302240Z August DMSP visual

imagery).




Fabian intensified during this encounter and
reached typhoon intensity (Figure 3-11/12-5) at
010600Z just prior to making an abrupt track
change to the north six hours later. Typhoon
Fabian reached a peak intensity of 75 kt (39
m/sec) at 020600Z. By 030000Z, the onset of

% FABIAN

3 l' < N
. <
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TORI-SHIMA

l,‘d
4 v

A

DMSP visual imagery).

Figure 3-11/12-5. Fabian nearing peak intensity. Elsie has moved o

rapid acceleration and stronger upper-level
westerlies led to a loss of convective
organization. Fabian was downgraded to
tropical storm intensity and finalled at 030600Z.
No reports of damage or loss of life were
received for these two tropical cyclones.
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ff the picture to the northeast of Fabian (312220Z August
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TROPICAL STORM GAY (13W)

Gay was a short-lived (two day) tropical
cyclone. Only six warnings were issued on the
system before it dissipated over water. The
disturbance that eventually became Gay formed
in the monsoon trough 420 nm (778 km) east of
Okinawa. It was first mentioned on the
Significant Tropical Weather Advisory at
020600Z and rated as having a "fair" potential
for significant development. The system's
convection rapidly increased in amount and
became better organized when its low-level
circulation moved beneath the divergent area
ahead of an approaching upper-level trough.
After synoptic data (020600Z) indicated the
disturbance had sustained surface winds in the
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Figure 3-13-1. Tropical Storm Gay at peak intensity (030605Z September NOAA visual imagery).
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20 to 30 kt (10 to 15 m/sec) range and satellite
wind estimates of 35 kt (18 m/sec), a Tropical
Cyclone Formation Alert was issued at
021040Z. The first warning (021800Z) on
Tropical Storm Gay followed. Gay moved
northeastward at speeds of 14 kt (26 km/hr), or
more, and reached a peak intensity of 45 kt (23
my/sec) sustained surface winds (Figure 3-13-1).
After peaking, the tropical cyclone tracked into
an environment of strong vertical wind shear,
which separated the system's deep convection
from its low-level circulation. The final

warning was issued on Gay at 040000Z while it
was dissipating over water 290 nm (537 km)
southeast of Tokyo.
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TYPHOON HAL (14W)

Typhoon Hal was the second of eight
significant tropical cyclones and the first of two
typhoons to form in the western North Pacific
during September. Hal combined with Typhoon
Uleki (01C), Tropical Storm Irma (15W), and
later with Tropical Storm Jeff (16W) to create
the first three-storm situations of 1988 in the
western North Pacific.

On 5 September the remnants of Gay
(13W) dissipated east of Japan. In the central
North Pacific Uleki (01C) churned west-
northwestward from Hawaii and a large
tropical upper-tropospheric trough (TUTT) low
was situated northwest of Wake Island. Hal
formed just west of Wake Island as a tropical
disturbance induced by this TUTT low. At
050600Z, the system was first mentioned on the
Significant Tropical Weather Advisory. Qver

85

the next two days, the disturbance moved
westward along the southern side of the
subtropical ridge and became more organized.
This growth prompied a Tropical Cyclone
Formation Alert at 070430Z. Hal continued to
organize. At 080000Z, the Alert was
superseded by the first warning on Tropical
Depression 14W, then upgraded (081200Z) to
Tropical Storm Hal (Figure 3-14-1), when
satellite intensity analysis indicated sustained
surface winds of 35 kt (18 m/sec). Initially, Hal
tracked west-southwestward, but eventually
settled into a west-northwestward track as the
subtropical ridge to its north weakened slightly.
Hal continued to intensify and, at 101800Z,
reached typhoon intensity.

Earlier at 101200Z, when Hal was 120
nm (222 km) northeast of Maug in the northern

MINAMI
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Marianas, the tropical cyclone started to
decelerate and track to the southwest in
response to stronger ridging to its north and
west. After Typhoon Hal reached its peak
intensity of 105 kt (54 m/sec) at 111200Z, it
continued onward and passed over Maug, which
is uninhabited, at 111800Z. On Guam (WMO
91212), 395 nm (732 km) to the south, the
enhanced southwesterly inflow into Hal brought
brisk surface winds with gusts to 40 kt (20
m/sec). Power outages and minor property
damage were reported on the islands of Guam

September NOAA visual imagery).

\

i , - % . .> P o8l 3 ‘* ]
Figure 3-14-2, Typhoon Hal, at peak intensity. Also visible are Tropical Storms Irma (15W) and Uleki (01C) (1221417

and Saipan.

With a mid-latitude trough creating
lower pressure-heights in the subtropical ridge
north of the typhoon, Hal's direction of track
changed to the north-northwest. Japan braced
for the possibility of being affected by three
tropical cyclones: Typhoon Hal (Figure 3-14-2),
plus Tropical Storms Irma (15W) and Jeff
(16W), which had developed southeast and
southwest, respectively. During the next three
days, Hal weakened, developed a large 60 nm

N -




(111 km) diameter eye and continued moving
north-northwestward. At 150000Z, Hal (Figure
3-14-3) approached 32 degrees North latitude,
started to recurve and accelerate. Typhoon Hal
further weakened to 65 kt (33 m/sec) and made
its closest point of approach - 195 nm (361 km)
- to Tokyo, Japan at 151800Z. High surf
caused several deaths and injuries along the
coastal areas near Tokyo.

Figure 3-14-3. Typhoon Hal, Tropical Storms Irma (15W) and Jeff (16W) (150936Z September NOAA infrared imagery).
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As Hal moved off to the northeast, its
central convection was stripped away from its
low-level circulation center by strong mid-
latitude westerlies. When the final warning was
issued at 170000Z, the system had weakened to
45 kt (23 m/sec), increased forward speed to 32
kt (59 km/hr) and was extratropical.
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TYPHOON ULEKI (01C)

Uleki was only the third hurricane
(Sarah (1967) and Peke (1987) were the
previous two) in the past thirty years to form in
the eastern North Pacific Ocean and cross the
international dateline while in a warning status.
Uleki tracked over 3,300 nm (6,105 km) during
its eighteen day life span.

Uleki was first detected by the Central
Pacific Hurricane Center (CPHC) at 281800Z
August. During the next four days, Uleki
tracked westward and intensified. CPHC's
warnings were disseminated to military
customers by the Naval Western Oceanography
Center (NWOC). At 291800Z, Uleki had
reached tropical storm intensity and was
upgraded to a hurricane at 310000Z. The
tropical cyclone slowed its forward motion and
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igure 3-01C-1. Hurricane Uleki heads towards the international dateline. Note the distinct shadow on the eye wall caused by

continued to intensify until 2 September, when
it reached a peak intensity of 110 kt (57 m/sec).
As Uleki approached the Hawaiian Islands,
weather reconnaissance aircraft joined with
satellite reconnaissance to watch the hurricane.
At peak intensity, the direction of movement
changed from west-northwestward to
northward. Uleki headed directly towards the
island of Oahu. The hurricane approached to
within 270 nm (500 km) of Honolulu at
040000Z before changing course to the west-
northwest and accelerating. The tropical
cyclone began a weakening trend as it entered a
shearing environment, and the upper-level
outflow in the western semicircle became
restricted. Uleki continued to move west-
northwestward and approached the international
dateline (Figure 3-01C-1). It appeared that

the low sun angle. The Hawaiian Islands are visible to the east of Uleki. Photo courtesy of the National Weather Service
Forecast Office, Honolulu, Hawaii (071846Z September GOES West visual i'nagery).
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Figure 3-01C-2. Uleki, shortly after the final warning (130839Z September NOAA infrared imagery).

Uleki would be exiting CPHC and NWOC's
area of responsibility, and entering JTWC's area
of responsibility after the 080000Z warning.

Warning responsibility was transferred
for the 080600Z warning and JTWC issued its
first warning on Uleki. The system was
redesignated Typhoon Uleki. At this time the
tropical cyclone had an intensity of 90 kt (46
m/sec). Uleki pressed onward to the west-
northwest along the southern edge of a
subtropical ridge, and gradually slowed. At
100600Z, the speed of movement had dropped
from 15 kt (28 km/hr) to 6 kt (11 km/hr). The
typhoon had entered the weak 700 mb steering
flow in an area between two anticyclones in the
subtropical ridge. With a mid-latitude trough
approaching from the west, Uleki was forecast

to recurve during the next 24- to 48-hours. The
trough caused the tropical cyclone to "step
climb” to the north-northwest, but was not able
to bring about recurvature. Uleki returned to a
northwestward track and weakened in response
to increased vertical wind shear and entrainment
of low-level cooler air. At 130000Z, strong
vertical wind shear associated with a second
trough caused the tropical cyclone to weaken
rapidly and be downgraded to a tropical storm.
Satellite imagery showed a long, narrow plume
of cirrus streaming from Uleki to the northeast.
The final warning was issued at 130600Z
(Figure 3-01C-2) and at 140000Z, all of Uleki's
deep convection had been sheared away to the
northeast. The low-level circulation center
persisted over water until 15 September (Figure
3-01C-3).
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Figure 3-01C-3. Uleki dissipating over water (142247Z September DMSP infrared imagery).
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TROPICAL STORM IRMA (15W) AND TROPICAL STORM JEFF (16W)

Irma and Jeff, circulations spawned by
enhanced inflow into Typhoon Hal (14W),
never achieved typhoon intensity. Both were
part of multiple tropical cyclone outbreaks of 12
to 16 September and sheared away when Hal
(14W) moved northward through the sub-
tropical ridge.

By the second week of September Hal
(14W), which started earlier as a tropical upper-
tropospheric trough (TUTT) induced system,
had matured south of the subtropical ridge and
developed a large supporting low-level
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Figure 3-15/16-1. Irma about four hours before the first wamning (111946Z Septem

DMSP visual imagery).
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southwesterly inflow. (This inflow was
separated from, and not the normal eastward
extension of, the Asian southwest monsoon.)
Jeff formed at the extreme western end and Irma
at the extreme eastern end of this southwesterly
inflow.

Compared to Jeff, Irma got a head start
in central convection and was first noted on the
Significant Tropical Weather Advisory at
110000Z. Although the outflow from Hal
(14W) to the west streamed across the area,
Irma persisted. This increased convective
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activity (Figure 3-15/16-1) required a Tropical
Cyclone Formation Alert at 110920Z and a first
warning, based on a satellite intensity estimate
of 40 kt (21 m/sec), at 120000Z.

Meanwhile, Jeff consolidated and was
included on the 120600Z Advisory. Organ-
ization of the convection continued and - ., Alert
followed at 121200Z. Another Alert was issued
at 131030Z before a 35 kt (18 m/sec) satellite

;_.'_.u-’ A,
N2

Figure 3-15/16-2. Jeff at peak intensity. Hal (14W) is at top right. Je

surface wind estimate precipitated the first
warning at 140000Z. Jeff's relatively slow
development was related to its upper-level
outflow being severely restricted in the
northeast quadrant by the larger outflow from
Hal (14W) to the northeast. This shear in the
vertical, in fact, confined Jeff's central
convection to the southern half of its low-level
circulation for the lifetime of the system.

» -
" "'

-
ff's outflow is

severely restricted to the north and east (142051Z September DMSP visual imagery).
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Briefly, Jeff (Figure 3-15/16-2) reached
a peak intensity of 45 kt (23 m/sec) on 14
September before gradually weakening. In
contrast, Irma, which was aided by troughing in
Hal's (14W) upper-level outflow, attained 55 kt
(28 m/sec) at 131200Z half a day earlier and
maintained that intensity through 0000Z on 15
September. Later, both Jeff and Irma were
finalled within six hours of each other - Irma
(Figure 3-15/16-3) at 151800Z and Jeff at
160000Z - as Hal (14W) moved northward
through the subtropical ridge.

TORI-SHIMA

e

Pl

~

20p/60¢
. ,N . )

Figure 3-15/16-3. The low-level circulation is all that remain-s of Irma (152228Z September DMSP visual imagery).
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The relationship between the three
tropical cyclones and the subtropical ridge is of
interest. Earlier on 12 September, as Hal (14W)
tracked to the north, the subtropical ridge
segmented into two cells. These high pressure
cells worked to narrow and restrict the low
latitude inflow into Hal (14W). This appears to
have affected the relative positions between
Jeff, Irma and Hal (14W) (Figure 3-15/16-4).
Initially, at 130000Z, the baseline (from A to B)
between Jeff and Irma is relatively long
compared to the height (from C to D) between
Hal (14W) and the baseline. However, at

oo ) “‘i}




160000Z the baseline has decreased to almost
half its previous length and the height has more
than doubled. These triangles (Figure 3-15/16-
4) suggest a subtle tertiary interaction between
Hal (14W) and the two smaller tropical
cyclones in an almost non-divergent flow.

E130 135 140 145

I |

This multiple cyclone activity resulted in
three sets of warnings being issued from
140000Z to 160000Z. Earlier, from 120000Z to
130600Z, Uleki (01C), Hal (14W) and Irma had
required three sets of warnings. No damage
reports were received for Jeff and Irma.

150 15§ 160 165E

I I | l

35 —

N1§ —

TY HAL

Figure 3-15/16-4. The tracks of Hal (14W), Irma and Jeff. Compare the length of the baseline (from A to B)
between Jeff and Inma and the height, which is measured along the vertical (C to D) from the baseline to Hal
(14W), at 130000Z with the second triangle at 160000Z. Note the relative adjustment of the three as Hal

(14W) moves to the north.
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TROPICAL STORM KIT (17W)

Tropical Storm Kit was the sixth of eight
significant tropical cyclones in September. It
was a "straight runner" to the northwest and
made landfall on the south coast of China. Kit
caused loss of life and significant property
damage in southeastern China.

The tropical cyclone was first detected

-

L 4
>

imagery).

.o
-

disturbance (190051Z S

on satellite imagery on 18 September 300 nm
(556 km) east of Manila. The disturbance
rapidly developed in the eastward extension of
the monsoon trough and immediately became
the subject of a Tropical Cyclone Formation
Alert at 182230Z (Figure 3-17-1). Increased
deep convection in the banding feature,
improved outflow aloft, plus a satellite intensity

- MANILA

-

ept'ember DMSP visual




estimate of sustained 30 kt (15 m/sec) surface
winds, dictated the upgrade to Tropical
Depression 17W at 090600Z.

Even though Kit tracked across the
northern tip of Luzon, it continued to intensify.
At 191800Z, another upgrade was needed —
this time to tropical storm intensity. After being
over land for six hours, it once again moved
over open waters. The system developed a
strong low-level inflow from the southwest and
improved its upper-level outflow to the

&3
A

September DMSP infrared imagery).

/ ) b : X . 2 .’ ‘;. “4:41% Ty \ ,.f e . . 4 “‘“&s}fu
Figure 3-17-2. Kit at peak intensity (to the left) and Tropical Storm Lee (18W) (to the lower right of the picture) (211003Z

southeast through southwest (Figure 3-17-2). A
day later, at 2106002, Kit reached its peak
intensity of 60 kt (31 m/sec).

After the intensity peaked, the tropical
storm approached the coast of southern China
and weakened. The final warning was issued on
Kit at 220000Z, when it made landfall 120 nm
(222 km) northeast of Hong Kong. Press
releases from China indicated widespread
flooding, loss of electrical power and at least
three lives lost in the Guangdong province.

.
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TROPICAL STORM LEE (18W)

Tropical Storm Lee was the seventh of
eight significant tropical cyclones to occur
during September. Lee had a formative period
of over four days, and was tracked over 1300
nm (2408 km) as an identifiable area of
convection before the first warning was issued.

On 16 September Tropical Storms Irma
(15W) and Jeff (16W) had just been finalled,
Typhoon Hal (14W) was recurving east of Japan
and a new area of persistent convection was
mentioned on the Significant Tropical Weather
Advisory at 160600Z. This persistent con-
vection was tropical upper-tropospheric trough
(TUTT) induced (Sadler, 1979) and was

superimposed on the broad low-level easterly
flow. A steady westward movement was noted
for the next four days, during which time there
was little change in the poorly organized
convection. At 200600Z the disturbance was
upgraded to a "fair" suspect area due to
improved organization. A Tropical Cyclone
Formation Alert followed at 201730Z after the
system continued to show improved organ-
ization and intensification to 30 kt (15 m/sec)
sustained surface winds, based on a satellite
analysis estimate. Another estimate of 35 kt (18
m/sec) sustained surface winds followed at
210000Z and prompted the first warning on
Tropical Storm Lee (Figure 3-18-1). Lee

. % y N b, ! % o ’
Figure 3-18-1. Tropical Storm Lee just after the first warning. Satellite intensity analysis indicated a T-number of 2.5,
corresponding to sustained surface winds of 35 kt (18 m/sec) (210012Z September DMSP visual imagery).
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tracked west-northwestward along the
southwestern side of the subtropical ridge for
the next 24-hours, and acquired its maximum
intensity of 55 kt (28 m/sec) at 211800Z. The
forecast was for Lee to continue on its
northwestward track around the periphery of the
700 mb subtropical ridge.

Visual satellite imagery (Figure 3-18-2)
on 23 September showed a partially exposed
low-level circulation center, as Lee encountered
increasing vertical wind shear. When night
arrived, Lee's poorly defined deep convection
provided targets for remote sensing — bright
cold tops on the satellite infrared and rain
echoes for the radar. Beginning at 231100Z,
radar position reports from Ishigaki Jima
(WMO 47918) confirmed the movement of the
rain echoes to the northwest, which paralleled

106

Figure 3-18-2. Shortly before recurvature,
Lee shows the effects of increased vertical
wind shear. The low-level circulation center
is partially exposed to the northeast of the
centeral dense overcast (232304Z September
DMSP visual imagery).

Kit's (17W) earlier track into southeastern
China. However, remarks the following
morning on the relocated 240000Z warning
summed it up: "Visual satellite pictures indicate
Lee has an exposed low-level circulation that
has been moving northeastward. Tropical
Storm Lee has recurved earlier than expected
and should now pass about 55 nm east of
Okinawa."

This forecast was accurate and Lee's
closest point of approach was 45 nm (83 km)
southeast of the is'and of Okinawa at 240400Z.
Lee started to lose its convective organization
and showed signs of becoming extratropical at
240600Z. The final warning was issued at
241200Z. Lee became an extratropical low at
242100Z and continued moving rapid. v
northeastward.
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TROPICAL STORM MAMIE (19W)

Mamie was the second significant
tropical cyclone of 1988 to develop in the South
China Sea. It formed in tandem with Tropical
Storm Kit (17W) in the monsoon tough and was
slow to develop. Typical of monsoon
depressions, Mamie proved to be a particularly
difficult system to locate and forecast. Large
fluctuations in its central convection within the
larger synoptic scale trough contributed to this
difficulty.

The disturbance that would become
Tropical Storm Mamie formed in September, in
the monsoon trough, 600 nm (1111 km) west-
northwest of Kit (17W). Kit (17W) was at the
eastern end of the monsoon trough. Mamie was
first mentioned on the Significant Tropical
Weather Advisory at 190600Z. During the next
18-hours, the disturbance moved southwestward

Storm Kit (17W) (200802Z September NOAA visual imagery).
109

£

Figure 3-19-1. Mamie, the subject of a Tropical Cyclone Formation Alert, is on th

at 10 kt (19 km/hr), most probably in response
to binary interaction with Kit (17W). As
Mamie became better organized, its deep
convection began the first of several flare-ups.
This prompted the first Tropical Cyclone
Formation Alert at 200230Z, after satellite
intensity analysis indicated 30 kt (15 m/sec)
sustained surface winds. The system (Figure 3-
19-1) continued southwestward until 210000Z,
when it made a sharp turn to the east. The
persistent central convection and potential for
development required a second Alert at
2100302Z.

Later, at 211800Z, the disturbance was
headed northeastward along the trough axis —
the opposite direction from its initial track, two
days earlier. Apparently Mamie's track to the
northeast was the result of increased low-level

& 4

Mamie is Tropical

m~

left. To the right of

Ty




southwesterly inflow into Kit (17W), which
was now over water between Luzon and the
southeastern coast of China. Mamie main-
tained its overall convective organization and a
third Alert was issued at 220030Z. Based on a
ship report of southeasterly surface winds of 40
kt (20 m/sec) and a minimum sea-level pressure
of 991 mb, plus a satellite intensity analysis of
35 kt (18 m/sec), the first wamning on Tropical
Storm Mamie followed at 220600Z. Mamie

110

continued up the monsoon trough axis towards
Kit (17W), which had just mad- landfall in
southeastern China. As vertical wind shear
increased aloft over Mamie, JTWC issued its
final warning at 230000Z. Mamie's remnants,
and associated gales, then moved north-
northeastward and dissipated on the coast of
China northeast of Hong Kong. No reports of
damage or loss of life were received.
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SUPER TYPHOON NELSON (20W)

Nelson was the first significant tropical
cyclone of October and the only super typhoon
of 1988. It developed in the Philippine Sea in
the monsoon trough. The super typhoon
recurved and threatened the Ryukyu Islands and
the main Japanese Islands of Kyushu and
Honshu.

In late September, after the multiple
outbreak of Tropical Storms Kit (17W), Lee
(18W) and Mamie (19W), there was a week
long lull in tropical cyclone activity. In the
meantime polar air pushed southward across the
Asian mainland and Japanese Islands. The

imagery).

Figure 3-20-1. Nelson as a tropical disturbance (010016Z October DMSP visual

monsoon trough had returned to its normal
climatic location along with the maximum
cloud zone. The disturbance that would later
become Super Typhoon Nelson was first
detected in this maximum cloud zone 200 nm
(370 km) southwest of Guam by satellite
reconnaissance. The Significant Tropical
Weather Advisory, that is normally issued at
0600Z each day, was reissued at 301400Z
September to include this area of suspect
cloudiness. Nelson developed within the
monsoon trough and began steadily organizing
(Figure 3-20-1). A noticeable increase in
central convection led to the issuance of a
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Tropical Cyclone Formation Alert at 0900Z on
1 October. The first warning followed at
011200Z, based on a satellite intensity estimate
of 45 kt (23 m/sec) sustained surface winds.
(Post analysis indicates the disturbance, most
probably, achieved tropical storm intensity
earlier at 010600Z.) Nelson initially moved
westward towards the Philippine Islands, and
then west-northwestward as it tracked along the
periphery of the subtropical ridge.

Only 24 hours after the initial warning
was issued, a satellite intensity estimate of 65 kt
(33 m/sec) winds resulted in an upgrade to
typhoon status at 021200Z. At 022100Z, a 15
nm (28 km) diameter eye first became visible
on satellite imagery. (The eye persisted until 7
October.) Nelson continued to rapidly intensify

1 7

f-’igure 3-20-2, Super Nelson near peak intensity displays a well defined 20

and reached super typhoon intensity at 040600Z
(Figure 3-20-2). The normal rate of
intensification (Dvorak, 1984) is one T-number
per day. From 020000Z to 041200Z, Nelson
developed more rapidly than normal (Figure 3-
20-3). 'Conversion (Atkinson and Holliday,
1977) of intensity to minimum sea-level
pressure indicates a fall from 991 to 898 mb —
93 mb in 60-hours — and sustained rapid
intensification (Holliday and Thompson,
1979)(Figure 3-20-4). On 4 October, Nelson
slowed and tracked through an area where,
according to climatology (Annual Typhoon
Report, 1970), a large number of tropical
cyclones reach super typhoon intensity (Figure
3-20-5). The typhoon's intensity peaked at 140
kt (72 m/sec) at 041200Z.

OKINAWA 3

nm (37 km) diameter eye (040709Z October NOAA visual imagery).
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Packing the most intense winds of any
tropical cyclone for the year, Nelson rounded
the western end of the subtropical ridge at a
speed of 6 kt (11 km/hr), and slowly accelerated
northeastward. In addition to satellite
reconnaissance, a total of 177 radar position
reports greatly aided the accurate tracking of the

typhoon's recurvature and subsequent
acceleration. Moving along the edge of the
modifying polar air, Nelson weakened and was
downgraded to typhoon intensity at 060000Z.
The tropical cyclone passed 85 nm (157 km)
southeast of the island of Okinawa at 0609302
(Figures 3-20-6 and 3-20-7). The maximum

KADENA AB

Figure 3-20-6. Nelson's primary rainband and eye as viewed by the radar at Kadena Air Base,
Okinawa at 061258Z. Dots have been added to enhance the subtle edge of the rain echoes
(photograph courtesy of Detachment 8, 20th Weather Squadron).
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Figure 3-20-7. Microbarograph trace from Kadena Air Base, Okinawa. The time of
the lowest minimum sea-level pressure of 29.02 inches Hg coincides with Nelson's
closest approach to the island (barograph trace courtesy of Detachment 8, 20th
Weather Squadron).
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sustained winds reported by Detachment 8, 20th
Weather Squadron at Kadena Air Base on
Okinawa were 38 kt (20 m/sec), with a peak
gust of 59 kt (30 m/sec). Close by, maximum
sustained winds of 40 kt (21 m/sec), with a peak
gust of 64 kt (33 m/sec) were reported by the
Marine Corps Air Station at Futenma. The
rainfall totals recorded on Okinawa ranged from
7.30 inches (18.54 c¢cm) at Futenma to 8.35
inches (21.21 cm) at Kadena Air Base.

Nelson continued to weaken, move
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igure 3-20-8. Nelson during its weakening stage (072235Z October NOAA visual imagery).

northeastward and accelerate (Figure 3-20-8).
As it lost its persistent central convection, the
typhoon transitioned to an extratropical system
190 nm (352 km) southeast of Tokyo, Japan at
081500Z. By this time it was moving at a speed
of 28 kt (52 km/hr). Extratropical Nelson
retained winds of typhoon intensity and moved
rapidly northeastward. The final waming was
issued at 081800Z. The remnants of Nelson
were identifiable on satellite imagery for the
next two days. No reports of significant
damage were received.
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TYPHOON ODESSA (21W)

Odessa was the second of four
significant tropical cyclones to occur during
October. Slow to develop, it was tracked for
three and a half days by satellite before the first
warning was issued. After recurvature, Odessa
rapidly intensified into a midget typhoon,
despite interaction with a frontal system.

On 8 October, as Super Typhoon Nelson
(20W) was weakening and accelerating to the
northeast in higher latitudes, Odessa began as
an area of convection superimposed on broad
low-level easterly tradewinds 460 nm (852 km)
south-southeast of Minami Tori-Shima. The
persistence of this convective area was first
mentioned on the Significant Tropical Weather
Advisory at 080600Z. After two days of faster
than normal — 17 to 18 kt (32 to 33 km/hr) —
movement to the west-northwest, surface winds

Figure 3-21-1. Odessa as a tropical disturbance (110021Z October DMSP infrared imagery).

in the area increased to 30 kt (15 m/sec). At
102100Z, the Significant Tropical Weather
Advisory was reissued to address this increase
(Figure 3-21-1) and a Tropical Cyclone
Formation Alert followed at 102300Z. A
satellite intensity estimate of 35 kt (18 m/sec)
prompted the first warning at 111200Z.

At 121800Z, Odessa was moving north-
northwestward toward the cooler, drier polar air
that was spilling off the Asian mainland. As
interaction with this air mass commenced, the
tropical cyclone began tracking to the northeast
and intensifying. Satellite intensity analysis at
131106Z indicated sustained surface winds of
65 kt (33 m/sec) and Odessa was upgraded to a
typhoon at 131200Z. Initially, the interaction
with the cold front was expected to weaken the
ropical cyclone; instead Odessa intensified into
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imagery).

a midget typhoon. At 141200Z, the intensity
peaked at 90 kt (46 m/sec) (Figure 3-21-2).

Loss of organization and deep
convection started to be evident at 151200Z.
With extratropical transition underway and the

Figure 3-21-2. Typhoon Odessa displays a small eye before attaining its peak intensity (141044Z October NOAA visual
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low-level circulation exposed, the final warning
was issued at 161800Z. The extratropical
circulation (Figure 3-21-3) made a counter-
clockwise loop on 17 October before moving
off to the northeast along the frontal zone.
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Figure 3-21-3. Odessa's well organized low-level circulation persists (170627Z October NOAA visual imagery).
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TYPHOON PAT (22W)

Pat was the third of four typhoons to
develop during October. Unlike most of the
western North Pacific tropical cyclones in 1988
that preceded, it formed equatorward of 10
degrees North latitude.

The tropical cyclone was first detected
on satellite imagery and the Significant Tropical
Weather Advisory was reissued at 160630Z to
include the low-level cyclonic circulation,
which was located 300 nm (556 km) south of
Guam. Initially, synoptic and satellite data
comparison indicated the maximum convection
was in a convergent zone south of the low-level
circulation. From 16 to 18 October, Pat slowly
developed over the warm Philippine Sea and
moved through an area of relatively low vertical

Figure 3-22-1.
imagery).

123

wind shear. By 18 October the convection had
organized and the first Tropical Cyclone
Formation Alert was issued at 180300Z.
Surface synoptic data indicated a minimum sea-
level pressure (MSLP) of about 1002 mb and
winds of 25 to 30 kt (13 to 15 m/sec). Satellite
imagery continued to show an uneven
distribution of deep convection with
significantly more convection in the system's
eastern semicircle. Pat's slow development
required a second Alert at 181530Z. Improving
upper-level outflow and increasing central
convection prompted the first warning at
181800Z.

Then Pat (Figure 3-22-1) assumed a
more westerward course along the edge of the

Pat crossing the Philippine Sea (190514Z October NOAA visual




modifying polar high to the north. The tropical
cyclone’s convection and organization increased
again, which required an upgrade to typhoon
intensity at 200000Z. Shortly before making
landfall on the island of Luzon, Pat reached its
peak intensity of 75 kt (39 m/sec). Maintaining
typhoon intensity as it crossed central Luzon,
the system (Figure 3-22-2) passed 75 nm (139
km) north of Clark Air Base at 201800Z . The
base, due to the shelter.ng effect of the nearby
mountain ranges, only recorded peak gusts of
21 kt (11 m/sec).

e .
- b Bav i

After entering the South China Sea, Pat
(Figure 3-22-3) pressed on to the west-
northwest and sustained minimal typhoon
intensity. It crossed the South China Sea and
was downgraded to a tropical storm, as
interaction with Hainan Dao occurred. Once
across the island, the weakening system moved
into the Gulf of Tonkin and entered northern
Vietnam. It passed 30 nm (56 km) northeast of
Hanoi and dissipated inland.

¥ 0N

" Figure 3-22-2. Typhoon Pat entering the South China Sea (202152Z October DMSP infrared imagery).
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1gure 3-22-3. Typhoon Pat approaches Hainan Dao (220011Z October NOAA visual
imagery).
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